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The specialty foods market has grown by 30% since 2006 with specialty eggs now 
making up about 5% of all eggs sold at retail.  Specialty eggs like those produced in 
alternative production systems and enhanced in beneficial nutrients can provide a 
profitable opportunity for egg producers while meeting consumer demands for nutritious, 
safe, and humanely-produced eggs.  Isoflavone-enriched eggs can be marketed as a new 
specialty egg that would offer a valuable source of health-promoting isoflavones, 
nutrients that are typically lacking in diets of Western culture.  Equol, a potent soy 
isoflavone is found naturally in eggs of laying hens and can be enhanced by adding soy 
germ to the laying hen diet.  If produced in a free-range production system, this kind of 
specialty egg would appeal to both nutrition-conscious and animal welfare-conscious 
consumers while increasing farmer profitability and sustainability.  To determine the 
potential for producing an equol-enriched, free-range specialty egg, the present study was 
conducted to measure the equol content, nutrient content, and microbiological 
characteristics of eggs produced from hens fed varying amounts of soy in a free-range 
and conventional production system.  Eighty-four Bovan Brown chicks were randomly 
assigned to free-range or conventional production systems and fed parallel diets of 
standard soy, soy enhanced, or soy-free laying hen feed formulations for 2, 4 week 
experimental feeding trials.  Eggs were collected and analyzed for equol, amino acid, 
fatty acid, and cholesterol content at hen ages 20, 23, 24, and 27 weeks old.  Eggshells 
were also rinsed and crushed for the determination of total aerobic microorganisms, 
Enterobacteriaceae spp., Salmonella spp., and Campylobacter spp.  Eggs were compared 
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for differences based on production system, age and diet treatment.  Eggs from hens fed a 
soy enhanced diet were significantly higher in equol concentration than eggs from hens 
fed a standard soy or soy-free diet.  No differences were detected in amino acid or 
cholesterol levels of eggs, however small, but statistically different concentrations of 
some fatty acids were detected.  Levels of Enterobacteriaceae spp., Salmonella spp., and 
Campylobacter spp. were higher in free-range eggs from hens fed any of the three diet 
treatments than conventionally produced eggs.  Results support the potential for 
producing an equol-enriched, free-range egg that is comparable in amino acid, fatty acid, 
and cholesterol composition to their conventional counterparts.  However, if produced in 
a free-range production system, measures must be taken to minimize contamination 
levels of pathogens on the eggs by washing eggs with organically approved sanitizers and 
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CHAPTER 1 INTRODUCTION 
Between 2006 and 2008, the specialty food market grew by 19.4% compared to overall 
food sales growth of only 8.4% (National Association for the Specialty Food Trade Inc., 
NASFT, 2012).  This market continues to grow with specialty foods representing more 
than 13% of the retail food market in 2010 (NASFT, 2012).  In the egg industry, the 
specialty market has grown by 30% with specialty eggs now making up about 5% of 
retail eggs (NASFT, 2012).  The reason for the growth of the specialty egg market is 
multifactorial and is driven by consumer’s demands for healthy and humanely-produced 
foods (Figure 1.1) (Surai and Sparks, 2001; Anderson, 2009).  The Healthfocus® 
National Study of Public Attitudes and Actions Toward Healthy Foods identifies trends 
in consumer health concerns and resulting purchasing behaviors as a way to predict 
nutrition related marketing strategies for product developers.  The Healthfocus survey 
conducted in 2000 revealed that most consumers believe eggs are a healthy food and that 
consumer interest in health promoting nutrients in eggs has a greater influence on egg 
consumption patterns than concerns related to egg cholesterol content (Gilbert, 2000).   
Researchers concluded that this consumer trend in a ‘self-reliant approach to health’ 
offers many opportunities for the development, production and marketing of nutrient-
enriched specialty eggs (Gilbert, 2000).   
The potential for developing nutrient-enriched specialty eggs has been extensively 
explored in the literature with the creation of eggs enriched in omega-3 fatty acid, 
vitamin E, vitamin A, vitamin D and Selenium (Bourre and Galea, 2006).  Isoflavone-
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enriched eggs have more recently been created by adding soy or isoflavone supplements 
to the laying hen diet (Saitoh et al., 2001; Saitoh et al., 2004; Galdos, 2009; Lin et al., 
2004).  One specific isoflavone that has gained much attention is equol, a secondary 
metabolite of the soy isoflavone daidzein.  Equol intake has been correlated with positive 
health outcomes like decreased blood pressure, decreased risk of heart disease, lower risk 
of osteoporosis and reduced incidence of breast, uterine, and prostate cancers (Lampe, 
2009).  An individual’s ability to produce equol from daidzein however is not universal 
and depends on several factors including the presence of specific bacterial populations in 
the gut (Atkinson et al., 2004).  It has been estimated that as much as 50% of the 
westernized population cannot metabolize daidzein into equol (Atkinson et al., 2005).  
Therefore, production of equol-enriched eggs could provide a valuable source of equol to 
a traditional western diet otherwise lacking in this health promoting nutrient.   
The trend in ‘designer eggs’ has shaped a new and growing market for egg producers 
who can profit from higher pricing at retail for nutritionally enhanced and other kinds of 
specialty eggs (like free-range and organic) (Surai and Sparks, 2001; Anderson, 2009).  
Successful marketing of equol-enriched eggs will require consumer assurance of the 
safety and nutritional superiority of the eggs while meeting public criteria for humane 
production practices (Anderson, 2009).  A specialty egg that is both nutrient-enriched 
with equol as well as produced in a free-range system would appeal to both nutrition-
conscious and animal welfare-conscious consumers while increasing farmer profitability 
and sustainability.  To determine the potential for producing an equol-enriched, free-
range specialty egg, a study was conducted to measure the equol content, nutrient 
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content, and microbiological characteristics of eggs produced from hens fed varying 
amounts of soy in a free-range and conventional production system.  The overarching 
objective of the current study was met through the completion of 3 smaller objectives: 1) 
to confirm results from preliminary studies on the ability to increase equol content in 
eggs by supplementing soy-germ into the diet of laying hens, 2) to identify differences in 
the amino acid, fatty acid, and cholesterol levels of eggs from hens fed varying amounts 
of soy in battery cages compared to a free-range system, and 3) to determine the 
differences in microbiological contamination of eggs produced in battery cages compared 
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CHAPTER 2 REVIEW OF LITERATURE 
2.1 Soy Isoflavones 
Soy isoflavones have moved to the forefront of research initiatives because of the 
growing evidence for their beneficial effects on human health.  Epidemiological studies 
have identified inverse correlations between soy consumption and risk of some chronic 
diseases.  The largest of these studies is the Shanghai Women’s Health Study.  Over 
75,000 women between the ages of 40 and 70 years who customarily consumed soy in 
their diets were evaluated for risk and incidence of chronic diseases that dominate 
western culture (Zheng et al., 2005).  In this study, women who consumed >25 g soy 
protein/day had a corresponding mean isoflavone intake of 145.7 mg/day.  Both soy 
protein and isoflavone consumption were inversely associated with blood pressure (Yang 
et al., 2005), type 2 Diabetes Mellitus (Villegas et al., 2008), pre-menopausal breast 
cancer (Lee et al., 2009), endometrial cancer (Xu et al., 2007), bone fracture (Zhang et 
al., 2005), coronary heart disease (Zhang et al., 2003), and colorectal cancer (Yang et al., 
2010).  Findings from studies like the Shanghai Women’s Health Study demonstrate 
strong evidence of the link between soy consumption and health outcomes.  Clinical trials 
however, have been complicated with mixed results and have not always been able to 
reproduce the beneficial health effects from soy food consumption or isoflavone 
supplementation.  This has led to investigations of inter-individual differences that may 
play a role in an individual’s ability to absorb and metabolize isoflavones from soy (Kelly 
et al., 1995, Atkinson et al., 2005). 
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Isoflavones from soy exist as the glycones daidzin and genistin.  Glycosides must first be 
converted to the aglycone form before they can be absorbed through the epithelium of the 
gastrointestinal tract.  Izumi et al. (2000) found that subjects supplemented with the 
glycone and aglycone forms of daidzin/genistin and daidzein/genistein had high blood 
plasma levels of aglycones with obsolete levels of glycones (Izumi et al., 2000).  
Researchers concluded that these findings support the assumption that daidzin and 
genistin are converted into daidzein and genistein respectively before they can be 
absorbed in humans (Izumi et al., 2000).   
Further knowledge of the gut bacterial role for isoflavone metabolism comes from Friend 
and Chang (1984) who reported the liberation of aglycones from glycones via 
glucosidases produced by intestinal microflora while Day et al. (1998) reported that 
human epithelial cells have the capability of producing β-glucosidase as well.  Finally, 
additional evidence for the role of gut microflora in the metabolism of isoflavones comes 
from the following findings: 1) germ-free animals do not excrete isoflavone metabolites 
in urine after being fed sources of isoflavone (Axelson and Setchell, 1981), 2) infants 
with immature bacterial populations who are exclusively fed soy-based infant formulas 
do not have circulating blood plasma levels of isoflavone metabolites (Rotimi and 
Duerden, 1981; Setchell et al., 1997), and 3) when soy is incubated with gut bacteria 
from human fecal samples, isoflavone metabolites are formed (Setchell et al., 2005).   
The role of gut bacteria in the conversion of glycones to aglycones may be the first, but 
not the only role for gut bacteria when metabolizing soy isoflavones.  Daidzein for 
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instance can be directly absorbed through the gut wall or it can be further metabolized to 
form O-desmethylangolensin (O-DMA) and equol.  It has been estimated that 80-90% of 
humans in Western culture will form O-DMA from daidzein, while only 30-50% of 
individuals are able to also form equol (Atkinson et al., 2005).  Setchell et al. (2002a) and 
Lampe (2009) have suggested that the ability to further metabolize daidzein into equol is 
additionally dependent upon the bacterial species present in an individual’s 
gastrointestinal tract, however the specific bacteria and their metabolic roles have yet to 
be identified.  However, because it takes 12-36 hours for equol to appear in blood plasma 
after daidzein supplementation, it can be assumed that the production of equol from 
daidzein comes from bacteria of colonic origin (Setchell et al, 2003).   
For the production of equol, daidzin must undergo the aforementioned hydrolysis to 
release the attached glucoside and form the aglycone daidzein.  Daidzein is then reduced 
through the intermediate dihydrodaidzein before being converted by deoxygenation to 
equol (Setchell and Clerici, 2010a).  The variability in an individual’s ability to produce 
equol from daidzein has led researchers to classify individuals as ‘equol-producers’ 
versus ‘equol non-producers’ and this forms the basis for the equol hypothesis (Setchell 
et al., 2002b).  The equol hypothesis suggests that equol-producers harbor the bacteria 
required for the conversion of daidzein to equol, while non-producers do not have the 
appropriate bacteria needed for this conversion (Setchell et al., 2002b).  This in turn 
provides an explanation for the inter-individual differences observed in the efficacy of 
soy supplementation on health outcomes in previous clinical trials (Setchell et al., 2002b; 
Lampe, 2009).   
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Equol is a polyphenol similar in structure to 17-β-estradiol, the physiologically active 
form of the human hormone estrogen (Figure 2.1).  Its molecular composition is 
C15H14O3, it has a molecular weight of 242.27 daltons, and it is nonpolar and insoluble in 
water (Setchell and Clerici, 2010a).  Equol contains 2 reactive hydroxyls and 1 unreactive 
oxygen in the central ring of the heterocyclic structure (Setchell and Clerici, 2010a).  
Equol has a chiral carbon center at the C-3 position which allows it to exist in 2 
enantiomeric forms, R-(+)equol and S-(-)equol.  S-(-)equol is the natural diastereoisomer 
that is produced by the colonic bacteria in humans (Setchell et al., 2005).   
Equol structurally resembles 17-β-estradiol allowing it bind to estrogen receptor (ER) 
sites on estrogen targeted tissues (Setchell et al., 1984).  Some tissues that bare ER 
include breast, uterine, ovary, liver, brain, prostate, and bone.  ER can be in the alpha 
(ERα) or beta (ERβ) formation (Matthews and Gustaffson, 2003).  When estrogen binds 
to the ER in the nucleus of the cell, the ER further binds to the estrogen response element 
(ERE) which signals gene activation.  Equol has a strong affinity (stronger than daidzein 
or genistein) and preferential binding to ERβ (Ki[ERβ]=16 nM; β/α=13 fold) (Muthyala 
et al., 2004).  In some cases, equol binds to ERβ where the change in the shape of the 
ERβ prohibits it from binding to ERE (ERE) (Kostelac et al., 2003).  This explains 
equol’s potential role in its chemoprotective effect on some cells.  When binding to the 
ERβ, equol changes the shape of the ERβ/ERE complex, thereby prohibiting further 
binding to the genetic sequencing in the cell.  This stops the signaling of proteins that 
activate cell proliferation.  By limiting cell proliferation, equol reduces the opportunity 
for tumorgenesis and cancer.   
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In other cases, equol may produce a strong estrogenic effect on tissues.  For instance, in 
the liver cells, equol can bind to the ERβ sites resulting in the ERβ/ERE complex.  This 
stimulates a gene response signaling the production of high density lipoprotein 
cholesterol (HDL) while inhibiting production of low density lipoprotein cholesterol 
(LDL) (Setchell et al., 2002b).  This biological activity results in decreased LDL levels 
and increased HDL levels – physiological characteristics associated with a low risk of 
heart disease (Ricketts et al., 2005).   
The equol hypothesis has led to some research on the potential for manipulating the gut 
bacterial population so that equol non-producers can become equol-producers thereby 
reaping the benefits of soy consumption.  Research studies conducted on pre- and 
probiotics to date have not been successful at transforming non-producers into producers 
(Uehara et al., 2001).  Additionally, contributors to the ability to produce equol are 
related not only to gut bacterial population but to genetics and habitual diet as well 
(Lampe et al., 1998; Rowland et al., 2000).  An alternative or additional strategy for 
equol non-producers to benefit from equol is to develop actual food sources of equol.  
Equol has been found in animal products like milk and eggs suggesting that dairy cows 
and laying hens have the ability to produce equol from soy consumed in the natural 
livestock diet (Kuhnle et al., 2008).  Galdos (2009) studied the isoflavone concentration 
of specialty retail eggs compared to conventional eggs and found that equol was present 
in all egg samples tested in concentrations of 8-47 µg/100g.  Equol concentrations 
represented about 30% of total isoflavones in the yolk of retail eggs (Galdos, 2009).  
Because equol is naturally found in the yolk of eggs at varying concentrations from hens 
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fed different diets, it is possible that the equol concentration of eggs can be manipulated 
by altering components of the laying hen’s diet.  Lampe (2009) suggests that a source of 
equol in food is needed if equol non-producers are going to reap the health benefits of 
equol.  Developing an equol-enriched egg as a source of equol may be an immediate and 
realistic method for providing equol to equol non-producers in Western cultures. 
2.2 Isoflavone-enriched Eggs 
The potential for increasing the isoflavone content in eggs by feeding laying hens higher 
amounts of soy or isoflavone supplements has been explored.  Saitoh et al. (2001) 
administered a diet with a high concentration of soy isoflavones to laying hens to 
determine the extent to which the isoflavones transferred to the egg.  Twenty hens were 
divided into 4 groups.  Two groups were fed the control diet and 2 groups were fed an 
isoflavone enriched diet containing 36.87 mg/100g and 124.01 mg/100g of feed of total 
isoflavones respectively.  Daidzein and genistein were the 2 isoflavones that increased 
the most with isoflavone diet enrichment resulting in 0.8 mg daidzein/100g feed in the 
control diet versus 35.3 mg daidzein/100g feed in the isoflavone enriched diet and 1.0 mg 
genistein/100g feed in the control diet versus 47.7 mg genistein/100g feed in the 
isoflavone enriched diet.  Blood plasma was collected prior to dietary treatment and again 
at 1, 3, 6, 12, and 18 days from the start of the experiment.  Eggs were collected every 
morning for 18 days.       
Saitoh et al. (2001) found that the concentration of total isoflavones in plasma from hens 
fed the treatment diet rose dramatically on the third day after the start of the experiment 
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and peaked on day 12 at 3,167nmol/L.  Plasma concentration from hens fed the control 
diet remained stable at 80-200 nmol/L for the duration of the experiment.  Isoflavones 
were extracted with diethyl ether and quantified using gas chromatography.  In egg yolk, 
the concentration of isoflavones rose steadily after day 6 and peaked day 12 at 65.29 µg 
isoflavones/100g feed compared to 3 µg isoflavones/100g feed in the control group.  No 
differences were detected in cholesterol concentration of eggs from hens fed the 
treatment diet compared to eggs from hens fed the control diet.  Authors concluded that 
isoflavone content can be increased in eggs from hens fed a soy isoflavone-enriched diet.  
Lin et al. (2004) studied the transfer of the soy isoflavone genistein from the diet to the 
eggs of Japanese quail.  Quail were randomly assigned to control or one of 3 treatment 
groups.  Quail in the treatment groups were fed encapsulated genistein in 50 or 100 mg 
doses or genistin in an 80 mg dose for 5 days.  Quail in the control group were fed a 
placebo.  Eggs were collected prior to treatment and for 15 days after the start of the 
study.  Eggs were separated into yolk and white portions and isoflavones were extracted 
with methanol for HPLC analysis.  Researchers found trace amounts of genistein in egg 
yolks from hens fed the control diet.  No isoflavone was found in the white of the eggs.  
Egg yolks from the higher dosage of genistein supplementation had higher concentrations 
of genistein than the lower dosage at day 10 of the experiment.  Genestein concentration 
in the 100 mg dosed treatment group was 2.4 µg/egg yolk and in the 50 mg dosed 
treatment group was 1.6 µg/egg yolk.  There was a significantly lower level of genistein 
in yolks from hens fed 80 mg of the genistin (0.8 µg/egg yolk).  Results from the study 
support the suggestion that the glyconic form of the isoflavone is not easily absorbed and 
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transferred to the yolk of the egg.  Researchers suggested that, like humans, quail may 
have inter-individual differences in their ability to metabolize genistin to genistein (Lin et 
al., 2004). However, results support a dose dependent effect of genistein supplementation 
on the genistein concentration in the egg yolks of quail.   
Saitoh et al. (2004) conducted a subsequent investigation of the biological transformation 
and transport of isoflavones, with particular attention to equol, from the diet to the blood 
plasma and egg yolk of laying hens.  Researchers developed a soy-free control diet which 
became the base formulation for all treatments.  Purified soy hypocotyls were added to 
the soy-free control diet to create additional low and high isoflavone feeds with 180 mg 
hypocotyls/100g feed and 530 mg hypocotyls/100g of feed respectively.  Eighteen hens 
were fed the control diet for 2 weeks before being divided into groups of 3 for treatments.  
Nine hens (3 hens per diet treatment) were fed the control diet, low isoflavone diet, or 
high isoflavone diet for 21 days of blood plasma collection and 9 hens were fed the diets 
for 42 days of egg collection.  Blood samples were collected on days 0, 3, 6, 12 and 21 of 
the experiment and eggs were collected on experimental days 0, 3, 6, 12, 18 and 42.  
Isoflavones in plasma and egg yolks were extracted with methanol after treatment with β-
glucuronidase and subjected to HPLC for analysis.   
Daidzein and equol were the dominant isoflavones found in both plasma and yolk (Saitoh 
et al., 2004).  Total isoflavone and equol concentrations began to increase within 24 
hours after being fed the treatment diets.  Blood plasma equol concentrations in the low 
and high isoflavone diets ranged from 0.5-1.0 nmol/mL and remained stable throughout 
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the 21 days of plasma collection.  Yolk equol steadily accumulated over the course of the 
experiment reaching a concentration of 5.5nmol/g yolk – a level that was approximately 5 
times that of the plasma concentration.  By the end of the 42 day experiment, equol made 
up more than 50% of the total isoflavones analyzed in the yolk.  Researchers suggested 
that the higher concentration of equol in the yolk compared to the concentration of equol 
in plasma may indicate that equol in yolk is not due to incidental exposure to the plasma, 
but may be selectively transported from the plasma to the growing oocytes where it 
accumulates over time.  Equol concentration was highest at day 42 of the experiment.  
Failure for equol to peak and level off during the course of the study suggests the 
potential for continued accumulation in the yolk of the egg.  The highest potential for 
equol accumulation needs to be determined.    
In 2009, Galdos evaluated the transfer and accumulation of isoflavones from laying hen 
diets into hen eggs and tissues (Galdos, 2009).  Researchers fed 48 hens 1 of 3 diets, soy-
free (SF), standard 25% soybean meal (SS), or 25% soybean meal with 5g of 10% 
isoflavone soy germ (SG)/100g feed for 28 days.  Tissue samples were collected on day 
30.  The isoflavone content of the SF, SS, and SG feeds was 8.0 mg/100g feed, 77.4 
mg/100g feed and 572.9 mg/100g feed respectively.  Hens fed the SF feed produced eggs 
with non-detectable levels of isoflavones by the tenth day of treatment.  Hens fed the SS 
diet produced eggs with an average of 46 µg isoflavones/100g egg yolk, and hens fed the 
SG diet produced eggs with an average of 998 µg/100g egg yolk.  Galdos (2009) found 
that total isoflavones plateaued in the yolks after day 10 of treatment.  Total and 
individual isoflavone levels were measured on day 10 however the equol content was not 
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reported beyond day 10 of the experiment.  This makes it impossible to confirm Saitoh et 
al.’s (2004) observation that equol continued to accumulate in the egg yolk through the 
last day of the study (42 days) (Saitoh et al., 2004).  On day 10 of Galdos’ study (2009), 
equol comprised an average of 484.2 µg/100g yolk in the eggs from hens fed the SG diet 
(Galdos, 2009).   
Liver and kidney tissues contained the highest amounts of isoflavones with equol 
comprising 50% of the total isoflavones detected (Galdos, 2009).  Liver tissue contained 
an average of 1668 µg/100g tissue sampled and kidneys contained 1475 µg/100g of 
tissue sampled.  These results suggest that isoflavones pass through the liver before being 
transported to cell receptors of target tissues and then are excreted through the kidney.  
The results of this study support the laying hen’s ability to absorb and metabolize 
daidzein into equol and the potential for creating and producing an equol-enriched egg 
that will meet the needs of consumers and farmers alike.  Chapter 3 describes an 
experiment conducted on laying hens in a caged and free-range system fed varying levels 
of soy to confirm the use of soy-germ in laying hen diets for the purpose of increasing the 
equol concentration of the resulting eggs. 
2.3 Nutrient Content of Conventional and Free-Range Produced Eggs 
Feeding hens a varying amount of soy for the production of a specialty egg has the 
potential to affect more than just the isoflavone content in the egg.  A second objective of 
this study was to determine differences in the amino acid, fatty acid, and cholesterol 
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content of eggs from hens fed varying amounts of soy in conventional and free-range 
production systems.         
Cherian et al. (2002) determined differences in fatty acid composition of specialty eggs 
purchased in Corvallis, Oregon.  Eggs with five different labeling claims were purchased 
from different retail stores.  The eggs collected were: 1) eggs from hens fed a diet with no 
animal fat, 2) certified organic free-range brown eggs, 3) uncaged, unmedicated Omega-3 
brown eggs, 4) cage-free vegetarian diet brown eggs, and 5) naturally nested uncaged 
eggs.  Fatty acid and egg composition of specialty eggs were compared to conventional 
eggs that acted as the control.  Percent yolk, white, shell, and edible portion were 
determined by separating the contents from the shell and the yolk from the white and 
weighing each component, then calculating the yolk to white ratio.  Total lipids, total 
SFA, total MUFA, n-6 and n-3, and 7 of the major fatty acids found in eggs were 
quantified using gas chromatography (palmitic, stearic, palmitoleic, oleic, linoleic, 
arachidonic, and docosahexaenoic).  Samples were homogenized and refrigerated 
overnight before phases were separated.  The bottom layer was dried under a stream of 
nitrogen and resolubilized in triflouride-methanol.  Hexane and water were added and the 
hexane layer was collected for analysis by gas chromatography.  Fatty acid methyl esters 
were quantified and compared with the standards before calculating peak areas and 
percentages.   
Eggs produced from hens fed a vegetarian diet with no animal fat had a lower palmitic, 
stearic, total saturated fat, and ratio of n-6 to n-3 fatty acids than conventional eggs.  Free 
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range organic brown eggs had lower percent yolk with subsequent higher percentage of 
white.  These eggs had the lowest content of n-3 fatty acids.   Uncaged, unmedicated 
Omega-3 eggs had a higher yolk to white ratio, was lowest in linoleic acid, and highest in 
n-3 fatty acids.  The cage-free, vegetarian brown eggs had lower percent yolk, lower 
percent shell and subsequently higher percent edible portion.  These eggs also had the 
lowest total lipid content compared to the other eggs.  Naturally nested uncaged eggs had 
a lower percent shell with a higher percent edible portion and a higher ratio of n-6 to n-3 
fatty acids compared to the no animal fat eggs.  Overall, there were no differences in 
palmitoleic, oleic, total MUFA, total PUFA, and arachadonic acid.  The researchers 
concluded that significant differences do exist in the nutritional composition of specialty 
eggs compared to conventional eggs (Cherian et al., 2002).   
Matt et al. (2009) conducted a study to determine the impact of production system on the 
quality of chicken eggs.  Eggs were collected from organic and conventional housing 
farms and analyzed through an accredited laboratory for energy content, carbohydrate, 
cholesterol, protein, fatty acid, sodium, potassium, phosphorus, dry matter and vitamins 
(Vitamin A, α-tocopherol, β-tocopherol, γ-tocopherol, δ-tocopherol, and Vitamin D).  
Hens from organic housing had outdoor access throughout the year and consumed a 
vegetarian diet.  Conventional hens were in a commercial laying production system in 
battery cages.  They were given a cereal-based diet as well but with additives to ensure 
the feed was biocomplete (details about additives were not provided).  Significant 
differences were found in cholesterol level, potassium, and calcium content of the eggs 
(P<0.05).  Free-range eggs were higher in cholesterol (free-range = 489, caged = 381), 
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potassium (free-range = 122 + 25 and caged = 131 + 27) and calcium (free-range = 13.6, 
conventional = 38.2) compared to eggs from the caged system.  Conventionally produced 
cage eggs were higher in phosphorus (caged = 173, free-range = 164), dry matter (caged 
= 23.15, free-range = 22.6), and total fat content (caged = 8.88, free-range = 7.94 
respectively) but this did not reach statistical significance.  Organically produced eggs 
were significantly lower in vitamin A, α-tocopherol, γ-tocopherol, and vitamin D.  There 
were no significant differences in fatty acids, protein, sodium, or dry matter (Matt et al., 
2009).   
Samman et al. (2009) compared commercially available conventionally produced eggs to 
certified organic eggs and omega-3 enriched eggs to determine if differences in the fatty 
acid composition exist.  Researchers collected a total of 180 eggs, 96 conventional, 72 
organic and 12 omega-3 enriched at local retail stores.  The weight of the eggshell, 
albumin, and yolk were recorded and yolks were pooled into groups of 2 for analysis. 
Yolk was homogenized and total lipid extracted.  Fatty Acid Methyl Esters were analyzed 
by gas chromatography using a carbon-silica capillary column with a total run time of 25 
minutes.  Retention times and peak areas were calculated and compared to a standard 
mixture. 
Results showed significant differences in fatty acid composition between housing 
systems (Samman et al., 2009).  Organic eggs were significantly higher in palmitic and 
stearic acids than conventional eggs.  Percent fat and percent saturated fat was higher in 
free-range and barn-laid eggs than in caged eggs and researchers attributed this to the 
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higher percentage of stearic acid identified in the free-range eggs compared to the caged 
eggs.  Caged eggs had a higher omega 3:6 ratio than free-range eggs.  Overall, 
researchers concluded that while there were statistically significant differences detected, 
the differences were few and small in fatty acid composition between eggs produced in 
different housing systems (Samman et al., 2009).   
Anderson (2011) compared the nutrient content of eggs produced in caged and free-range 
housing systems.  Total fat, saturated fat, monounsaturated fat, polyunsaturated fat, n-3, 
cholesterol, vitamin A, and vitamin E were determined using outside laboratories for 
nutrient analysis.  Eggs were collected from Hi-Line Brown laying hens at 50, 62 and 74 
weeks of age that were being used for the North Carolina Layer Performance and 
Management Test (NCLP&MT), a concurrent study evaluating commercial layers.  The 
hens were from the same flock and attempts were made to control for variables like diet, 
lighting and indoor temperature.  There were no differences between caged and free-
range housing in cholesterol, saturated fat, or vitamin content.  Free-range eggs were 
significantly higher in total fat (free-range = 8.11%, caged = 7.88%), mono-unsaturated 
fat (free-range = 3.80%, caged = 3.67%), poly-unsaturated fat (free-range = 1.36%, caged 
= 1.25%) and n-3 fatty acid content (free-range = 84.31 mg/50 g, caged = 70.56 mg/50 g) 
than eggs from caged hens at a significance level of P<0.05.  There was also a marked 
difference in β-carotene levels between free-range hen eggs and caged hen eggs (10.54 
and 2.77 respectively; p = 0.05) (Anderson, 2009). 
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Some limitations exist from previous studies on the nutritional composition of specialty 
eggs.  The first is small sample size.  Only 1 sample from each egg type was tested (in 
duplicate) for a total of 6 samples in the study by Cherian et al. (2002) and when organic 
eggs were separated in cage-free versus caged in the study by Saman et al. (2009), there 
were only 6 samples per group.  Nutrient analysis is time consuming and expensive and 
this is likely the reason for the small sample sizes in these studies.  Additionally, Cherian 
et al. (2002) and Saman et al. (2009) purchased eggs from retail markets making it 
impossible for researchers to control for hen’s diet, age, and breed, differences in climate, 
lighting conditions, nutrient and soil composition of the pasture and other production 
methods that may contribute to differences in the fatty acid content of the eggs.  Matt et 
al. (2009) addressed some of these limitations by collecting eggs directly from 2 local 
farms however details were not available to researchers related to production practices 
described earlier.  These three studies also were conducted in areas where climate and 
temperature are very different from the South East region of the United States.  Cherian 
et al. (2002) evaluated eggs in Oregon, Saman et al. (2009) evaluated eggs in Sydney, 
Australia, and the study by Matt et al. (2009) was conducted in Estonia.   
Anderson (2011) provided the most controlled experiment and conducted it in a South 
Eastern state of the US.  However the evaluation was conducted on hens that were 
participating in a separate study (NCLP&MT) where hen strain and cage stocking density 
were being evaluated.  Hens were stocked in densities of 5-7/cage.  Also, these hens went 
through a period of molting just before the last group of eggs was collected.  Finally, 
diets between caged and free-range production systems are inherently different due to 
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free-range access to pasture.  Supplying both caged and free-range hens with the same 
diet may produce eggs with nutritional compositions that are not necessarily 
representative of eggs available to consumers for purchase.  Chapter 4 describes an 
investigation of the nutrient composition of specialty eggs produced by feeding hens 
varying amounts of soy in a conventional compared to a free-range production system.        
2.4 Microbiological Considerations in Production Systems for Equol-Enhanced Eggs 
The development of a specialty egg produced in a free-range system has the potential to 
provide farmers with access to a specialty egg market that can lead to profit and 
sustainability.  Anderson suggested that specialty eggs must provide assurance to the 
consumer that the eggs are safe, nutritious and produced in a humane manner (Anderson, 
2009).  The production of an equol-enriched egg in a free-range system will be appealing 
to many consumers however these eggs must meet standards of microbiological safety.  
The third component of this study was designed to determine microbiological challenges 
related to the production of an equol-enriched egg in a conventional, caged system 
compared to an equol-enriched egg produced in a free-range system. 
De Rue et al. (2005a) identified critical points of contamination in the production chains 
of a conventional caged production compared to an organic, free-range production 
system.  Authors collected eggs from 10 sites in the caged system and from 7 sites in the 
organic, free-range system.  The caged production system utilized banks of battery cages 
housing 6 hens per cage while the organic system provided a cage-free environment in a 
stable with access to a free-ranging outdoor area.  Forty eggs were collected from each 
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production site for sampling.  Bacteria were recovered from eggshells by rubbing the 
surface of the egg through a sterile plastic bag containing 10 mL of buffered solution for 
1 full minute.  Rinsates were spiral plated onto nutrient agar for total aerobic 
microorganism enumeration or on nutrient agar with 0.0001% crystal violet for 
enumeration of Gram-negative bacteria.     
Researchers found that aerobic bacteria contamination levels from eggs at the initial point 
in the production chain (the conveyor belt) was 1 log higher in the organic, free-range 
production system compared to those in the caged system (5.8 log10 CFU/eggshell and 
4.7 log10 CFU/eggshell respectively) (De Rue et al., 2005a).  Gram-negative bacteria 
were 1.0 - 1.4 log10 CFU/eggshell lower throughout the entire organic production system 
compared to the caged system.  However, De Rue and colleagues (2005a) observed that 
levels of aerobic bacteria on eggs from both production systems steadily decreased during 
processing and achieved comparable numbers by the point of packaging.   
Researchers also investigated potential environmental conditions that may have 
contributed to the higher contamination level at the beginning of the production chain in 
the organic system compared to the caged system (De Rue et al., 2005a).  An Air 
Sampler RCS was fitted with plate count agar strips to measure total bacterial count per 
50-liter air along each housing production chain.  Mean levels of airborne flora were 
higher in the organic stable (4.3 log CFU/50 L air) than in the conventional stable (3.1 
log CFU/50 L air).  Researchers concluded that the differences in total aerobic 
microorganism contamination levels on eggshells from organic housing may be a 
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reflection of the higher concentration of airborne bacteria in the organic housing 
environment.  The lower counts of Gram-negative bacteria on organic, free-range eggs 
may be due to higher aerobic bacterial contamination competing for growth and survival 
on the shells of the organic eggs (De Rue et al., 2005a). 
In a second study by De Rue et al. (2005b), researchers randomly assigned laying hens to 
one of three housing systems: cage-free aviary, conventional battery cages, or furnished 
cages.  Forty eggs from each system were collected at 8 week intervals from the 
production house conveyor belt.  Eggs were picked up with fingertips that were 
disinfected between each sample, transported to the laboratory and maintained in ambient 
air conditions for up to 56 hours before being tested for microbiological content.  
Bacteria were recovered using a washing method where the intact egg was placed into a 
sterile plastic bag containing 10 mL of buffered solution and the surface of the egg was 
rubbed through the bag for 1 full minute.  Rinsates were spiral plated on nutrient agar for 
total aerobic microorganism enumeration or on nutrient agar with 0.0001% crystal violet 
for enumeration of Gram-negative bacteria.   
Analysis of variance revealed no statistically significant differences between total aerobic 
bacteria or Gram-negative flora on eggs between caged housing systems (conventional 
compared to furnished) (De Rue et al., 2005b).  Total aerobe levels on eggshells from the 
aviary housing system (range of approximately 5.5 to 6.0 log CFU/mL) were 1 log higher 
on average than those from conventional or furnished cage systems (range of 3.8 to 4.6) 
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throughout the entire sampling period.  No statistically significant differences were 
detected in Gram-negative flora between any of the three housing systems.   
Researchers evaluated airborne bacterial levels in each of the three housing systems to 
determine if air contamination could predict eggshell bacterial levels (De Rue et al., 
2005b).  A weak but positive correlation between airborne microorganisms and eggshell 
contamination (r
2
=0.66) was detected with the highest level of air contamination in the 
aviary housing system (median=5.3 log10 CFU/m
3
 air) and lowest levels in the 
conventional cage housing system (median=4.3 log10 CFU/m
3
 air).  Researchers 
concluded that aviary housing provides the potential for increased air contamination as 
hens aerosolize bacteria in the dust produced during general activity and during dust 
bathing or scratching at sand, food, bedding material and excreta.  Despite egg collection 
occurring over several months in this study (January through August for the aviary 
housing) researchers did not detect differences in contamination levels based on season, 
temperature, or humidity (De Rue et al., 2005b).   
In a third study by De Rue et al. (2009), researchers analyzed eggshell bacterial 
contamination levels recovered from the surface of eggs from furnished cages and non-
cage systems (De Rue et al., 2009).  Egg samples were collected from 13 flocks on 10 
different farms in Belgium, the Netherlands, and Germany.  Six of the 13 flocks were 
housed in furnished cages and 7 flocks were in non-caged aviary housing or floor housing 
systems.  Forty eggs from each flock and from each housing system were collected for a 
total of 230 furnished cage produced eggs and 278 non-cage produced eggs for analysis.  
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Egg samples were placed into flats using clean gloves, transported to the laboratory at 
ambient air conditions, and analyzed for microbiological contamination within 56 hours 
of delivery to the laboratory.  Intact eggs were placed into sterile plastic bags containing 
10 mL of buffered Ringer’s solution and the surface of the egg was rubbed for 1 minute.  
The diluent was spiral plated onto nutrient agar for enumeration of total aerobic 
microorganisms and on violet red bile glucose agar for enumeration of 
Enterobacteriaceae spp.  An Air Sampler RCS fitted with strips of nutrient agar and 
VRBG for total aerobic microorganisms and Enterobacteriaceae spp. respectively was 
used to evaluate contamination level of the air in the housing systems.  Nutrient agar 
plates from eggshell diluent and air sampler strips were incubated for 3 days at 30°C and 
VRBG plates from eggshell diluent and air sampler strips were incubated for 1 day at 
30°C.   
De Rue and colleagues (2009) found significant differences in total aerobic 
microorganism counts within both the furnished cage systems and the non-caged systems.  
Differences in average eggshell CFU within the 6 furnished cages ranged from 4.24 to 
5.22 log10 CFU/eggshell (P<0.0001).  Average total aerobic microorganism levels ranged 
from 4.35 to 5.51 log10 CFU/eggshell (P<0.001) within the 7 non-cage systems.  Number 
of aerobic microorganism CFU on surfaces of eggshells from non-caged systems were 
significantly higher than number of aerobic microorganism CFU on surfaces of eggshells 
from furnished cage systems (mean=4.98 log10 CFU/eggshell and 4.75 log10 
CFU/eggshell respectively; P=0.001).  No significant differences were identified for 
levels of Enterobacteriaceae spp.with averages of 1.51 + 0.63 log10 CFU/eggshell on 
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eggs from the caged systems compared to 1.54 + 0.76 log10 CFU/eggshell on surfaces of 
eggs produced in non-caged systems (De Rue et al., 2009).   
Results of the air contamination testing showed significantly higher total aerobic 
microorganism CFU in non-cage systems than in furnished cage systems (5.31 log10 
CFU/m
3
 compared to 4.75 log10 CFU/m
3
; P=0.001) (De Rue et al., 2009).  
Enterobacteriaceae spp. in air was lower in non-cage systems then caged systems (0.72 
log10 CFU/m
3
 compared to 1.35 log10 CFU/m
3
 respectively) but differences did not reach 
statistical significance.   
These researchers suggested that while statistically significant differences in aerobic 
contamination levels of eggshells were identified between caged and non-caged systems, 
the differences were small (0.23 log CFU/eggshell difference) and likely not of practical 
significance (De Rue et al., 2009).  Also, investigators concluded that large variation 
within systems suggests that microbiological differences are dependent not only on the 
housing system, but also on the production management and farm construction.   
The objective of the study by Huneau-Salaun et al. (2010) was to determine eggshell 
contamination levels in commercial production from different housing systems in France 
and to identify the factors in rearing management and egg handling practices that 
influence contamination (Huneau-Salaun et al., 2010).  Producers from 30 farms with 
cage systems and 30 farmers with non-caged systems were selected to complete a 
questionnaire about egg handling and farm management practices that might influence 
eggshell contamination levels.  Answers were obtained through interviews between 
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research staff and the participating farmers.  Sixty eggs from each farm were collected 
using sterile gloves and transported and held at ambient air conditions for up to 48 hours 
prior to microbiological analysis.  Eggs were placed into sterile plastic bags containing 
200 mL of buffered peptone in groups of 3.  The shells of the eggs were rubbed through 
the bag for 2 minutes each and the rinsate was then spiral plated on plate count agar and 
incubated at 30°C for 48 hours. 
Results indicated a significant difference (P=0.03) between eggshell contamination in 
‘on-floor’ housing systems (mean=4.82 log10 CFU/eggshell with a range of 4.63-5.0 log10 
CFU/eggshell) compared to eggshell contamination in conventional cage systems 
(mean=4.40 log10 CFU/eggshell with a range of 4.22-4.58 log10 CFU/eggshell) (Huneau-
Salaun et al., 2010).  Mean eggshell bacterial loads averaged 0.41 log10 CFU higher when 
recovered from ‘on-floor’ eggs than on eggs from conventional cages.  Researchers also 
found that higher concentrations of airborne bacteria and dust particles resulted in higher 
subsequent eggshell contamination levels.  Several factors identified on the questionnaire 
were correlated with higher levels of contamination on eggshells.  Bacterial loads were 
significantly higher for older hens and in systems were egg collection belts were moved 
periodically throughout the house for egg collection.  Additionally, contamination levels 
were higher on eggs packed manually and on eggs packed in plastic flats compared to 
recycled pulp flats (Huneau-Salaun et al., 2010).   
Jones et al. (2011) analyzed environmental and egg samples for total aerobic bacteria, 
Enterobacteriaceae spp., and yeasts and molds in caged and free-range egg production 
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systems (Jones et al., 2011).  Surface swabs of the egg collection trough in the caged 
system, nest boxes in the free-range pens and grass in the free-range pasture were 
collected and tested for determination of environment contamination levels.  Eight pools 
of 3 eggs from each sampling site (caged egg troughs, free-range nest boxes, and free-
range floor eggs) were collected approximately every 6 weeks from 20 to 79 weeks of 
age.  Swabs and grass samples were placed into sterile bags and stomached with buffered 
peptone solution and eggshells were crushed and rinsed in peptone before rinses were 
plated on Aerobic Plate Count agar for total aerobes, Violet Red Bile Glucose agar for 
Enterobacteriaceae spp., and Dichloran Rose Bengal Chloramphenicol agar for yeasts 
and mold. 
Results of environmental testing showed no significant differences in total aerobic 
microorganism levels between nest box swabs and battery cage egg trough swabs except 
during the summer season (Jones et al., 2011).  In summer, levels of total aerobes from 
nest box swabs were significantly higher than total aerobes from battery cage swabs 
(approximately 4.5 log CFU/mL and 6.25 log CFU/mL respectively).  Total aerobe 
counts from grass samples were significantly higher than counts from nest box and 
battery cage swabs in fall, winter and spring (pooled across seasons, grass sample levels 
ranged from 5.85 to 6.69 and cage swab levels ranged from 3.5 to 4.49 log CFU/mL).  
Coliform levels were significantly higher in free-range nest boxes and free-range grass 
samples than coliform levels from battery cage swabs during all seasons (4.31 to 5.36 log 
CFU/mL in grass samples compared to 0 to 0.64 log CFU/mL respectively).  Free-range 
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grass samples had significantly higher levels of yeasts and mold (4.70 to 5.45 log 
cfu/mL) than battery cage swab levels of yeasts and mold (0.22 to 1.02 log CFU/mL). 
From egg testing, nest box eggs had significantly lower levels of total aerobic 
microorganisms than conventional cage eggs in winter and spring (about 2.25 log 
CFU/mL in free range eggs and 3.25 log CFU/mL in cage eggs in winter and 2.75 log 
CFU/mL in free-range eggs and 3.75 log CFU/mL in cage eggs in spring) (Jones et al., 
2011).  To the contrary, eggs from nest boxes had significantly higher levels of coliforms 
with significant differences detected in fall, spring and summer (ranging from 2.0 to 2.61 
log CFU/mL in free-range samples compared to 0.02 to 0.42 CFU/mL in battery cage 
eggs).  Nest box eggs also had significantly higher levels of yeasts and molds than battery 
cage eggs in fall and summer (free-range eggs: 0.75, caged eggs: 1.75 in fall and free-
range eggs: 1.5, caged eggs: 2.25 in summer).  Floor eggs were significantly higher than 
either nest box eggs or battery cage eggs in yeasts and molds during all four seasons.    
Levels of total aerobic microogranisms from battery cage egg trough swabs were 
consistently lower than levels of microorganisms in free-range grass samples or from 
free-range nest box swabs (Jones et al., 2011).  While grass samples were consistently 
higher in total aerobe counts, counts from nest box swabs did not correlate with counts 
from grass samples.  Researchers suggested that nest boxes in the free-range system did 
not become contaminated after being exposed to hens with access to the grass in the free-
range pasture and that total aerobic microbial levels on eggs could not be predicted based 
on environmental contamination levels.  Coliform counts and levels of yeasts and mold 
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were consistently higher on eggs from the free-range system than on eggs from the 
battery cage system.  Finally, the winter season exhibited the lowest microorganism 
contamination levels compared to fall, spring and summer.  These researchers concluded 
that more studies are needed to further explore the microbiological challenges in free-
range and alternative housing systems for egg production. 
Work by Huneau-Salaum et al. (2010) and De Rue et al. (2009, 2005b) are in agreement 
that aerobic microorganism contamination levels on eggshell surfaces is higher in non-
caged housing systems, but that the differences are smaller in commercial settings (0.41 
log10 CFU/eggshell difference) compared to differences in experimental settings (1.0 
log10 CFU/eggshell difference; De Rue, 2005b).  However findings from these studies 
must be examined in light of some limitations.  There have been several factors identified 
in the literature as having an effect on the microbiological status of chicken eggs 
including hen age, housing temperature and humidity, cage and stable stocking density, 
housing pest and wildlife control, manure removal procedures and house sanitation 
practices (Van Immerseel, 2012).  In the first study by De Rue et al. (2005a), data were 
collected in existing production facilities making it impossible for researchers to control 
for these potential confounding variables.  The second study by De Rue et al. (2005b) 
was a controlled experiment, however no outdoor access for hens in the aviary system 
was described, a condition that is different from free-range systems typically used in the 
U.S.  It should also be noted that eggs were held for up to 56 hours at ambient room 
temperature prior to analysis, but whether this time delay was consistent was not 
discussed.  Holding eggs for 56 hours can significantly alter contamination levels of the 
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eggs, especially at ambient air conditions which can have large variation in temperature 
and humidity. 
Anderson et al. (2011) was the first to conduct a controlled experiment of differences in 
microbiological contamination of conventional compared to free-range eggs in the United 
States (Anderson et al., 2011).  However, the study was conducted with a concurrent 
study evaluating hen strain and stocking density and was conducted over a 4 month 
period (NCLP&MT) (Anderson et al., 2011).  During the 4 months, hens went through a 
period of molting (Anderson et al., 2011).  Strain, stocking density, and molting can have 
significant impact on microbiological contamination of eggs.  Also, Musgrove et al. 
(2006) reported lower recovery of total aerobic microorganisms and Enterobacteriaceae 
spp. with the eggshell emulsion method than when using a standard saline rinse method 
on eggs that had not yet been washed (Musgrove et al., 2006).  Eggs from the Anderson 
(2011) study were not washed therefore the method of recovery may have led to 
inaccurate results for total aerobes and Enterobacteriaceae spp. (Anderson et al., 2011).    
2.4.1 Salmonella and Campylobacter Prevalence 
De Vylder et al. (2009) conducted 2 studies to identify differences in the colonization of 
layers with Salmonella spp. in different housing systems: conventional caged, furnished 
caged, and aviary (De Vylder et al., 2009).  A total of two hundred layers from 
experiment 1 and 192 from experiment 2 were divided into one of the three housing 
systems.  Hens were tested prior to the start of the study to ensure they were Salmonella 
negative.  Layers were orally inoculated with Salmonella Enteritidis at 18 weeks of age.  
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Hens were given ad libitum access to feed and water and were provided with 16 hours of 
light per day.  At days 1, 4, 7, 14, 21, and 28, cloacal swabs were collected to monitor 
infection status in all birds.  At the same time points, several chickens were euthanized 
from each housing system for bacterial analysis of ceca and spleen.  Cloacal swabs were 
plated directly, and ceca and spleen tissue homogenized and diluted before being plated 
onto blood glucose agar with 20 microg/mL of nalidixic acid.  Samples that tested 
negative were preenriched in 2 mL of buffered peptone solution, then enriched in 
tetrathionate brilliant green broth for 20 hours at 37°C before being plated on blood 
glucose agar (De Vylder et al., 2009).   
Messelhausser et al. (2011) tested a total of 2,710 eggs from retail stores in Germany for 
prevalence of Campylobacter spp. and Salmonella spp. (Messelhausser et al., 2011).  
Forty-five percent of the eggs purchased were barn eggs, 18% were free-range eggs, 21% 
were from battery cages, and 16% were taken directly from the farm.  Ten eggs were 
pooled and eggshells and raw egg yolks were analyzed.  Researchers detected 
Campylobacter isolates on 11 (4.1%) eggshells – 4 from eggs sold as free-range and 7 
from eggs sold as barn eggs.  The 2 species identified were Campylobacter coli and 
Campylobacter jejuni.  Samonella Enteriditis (SE) was detected on 3 (1.1%) eggshell 
samples.  Two of the SE-positive eggs came from battery cage housed hens and 1 SE-
positive egg came from hens housed in deep litter.  All of the yolks were found to be 
Campylobacter spp. and Salmonella spp. negative (Messelhausser et al., 2011). 
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Findings from experiment 1 revealed no statistically significant differences in Salmonella 
positive samples over time and by 3 and 4 weeks post-infection, all cloacal swabs were 
negative (Messelhausser et al., 2009).  In experiment 2, there was a significantly lower 
prevalence of shedding determined by cloacal swabs at days 1 and 7 in hens from the 
conventionally housed system.  When data from all time points were analyzed together, 
prevalence remained significantly lower in conventionally caged hens.  No significant 
differences were detected in prevalence of infection in ceca samples between housing 
systems.  Colonization was found in the ovary and oviduct, but differences between 
housing systems could not be detected. 
Jones et al. (2011) evaluated the prevalence of Salmonella, Listeria, and Campylobacter 
on and within eggs produced in conventional cages and free-range housing and found that 
coliform contamination level of eggshells was always significantly higher in free-range 
eggs than in conventional eggs (Jones et al., 2011).  Researchers also found significantly 
higher prevalence of Campylobacter (P<0.0001) on nest boxes in the free-range 
environment but indicators of environmental contamination was not always indicative of 
eggshell contamination levels.  Salmonella and Listeria isolates in the environment and 
on eggs were detected in both free-range and conventional cage environments but there 
were no significant differences in Listeria or Salmonella contamination between the two 
housing systems (Jones et al., 2011).  
There is general agreement that non-caged housing systems produce eggs with higher 
levels of total aerobic microorganism contamination on the shell surface than traditional 
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battery cage housing systems.  While total aerobe levels seem to be higher in non-caged 
systems, levels of Enterococci spp. and Enterobacteriaceae spp. appear to be lower on 
non-caged eggs, possibly due to competitive survival on the surface of the egg.  
Additionally, there appears to be a higher prevalence of Campylobacter spp. 
contamination on free-range eggs while Salmonella contamination does not seem to be 
different, or may even be lower in alternative housing systems.  Results of these studies 
provide insight into the microbiological risks associated with non-caged housing systems 
however conflicting results, differences in study design and minimal research conducted 
in the US warrant further research on this topic.  Chapter 5 describes an extensive study 
on the microbiological characteristics of eggs produced in a caged and free-range system 




Figure 2.1: Chemical structure of daidzein and equol compared to estradiol (Setchell et 
al., 2010) 




CHAPTER 3 EFFECT OF SOY GERM SUPPLEMENTATION ON THE EQUOL 
CONTENT OF TABLE EGGS 
3.1 ABSTRACT 
With mounting evidence for the link between soy isoflavones and health, a specialty egg 
that is enriched with the isoflavone equol and produced in a free-range system would 
appeal to both nutrition-conscious and animal welfare-conscious consumers while 
increasing farmer profitability and sustainability.  The current study was conducted to 
confirm reports that the supplementation of soy-germ into the feed of laying hens would 
result in a table egg enriched with the isoflavone equol.  Eighty-four Bovan Brown laying 
hens were housed in conventional and free-range production systems and fed varying 
amounts of soy in the diet.  Eggs were collected and analyzed for equol concentration 
using an isocratic HPLC method.  Equol concentrations in eggs from hens fed soy 
enhanced diets were significantly higher than the equol concentrations of eggs from hens 
fed both the standard soy and soy-free diets (302.2, 197.9 and 137.6 respectively; 
P<0.05).  Differences in egg equol concentrations from standard soy fed hens and soy-
free fed hens approached but did not reach significance (P<0.0649).  Presence of equol in 
eggs from the hens fed a soy-free diet suggest that hens consumed non-soy sources of 
isoflavones in the diet and/or pasture vegetation.  Animal fat sources and dried distiller 
grain solids should be analyzed for isoflavone content.  The findings from this study 





The potential for developing nutrient-enriched specialty eggs has been extensively 
explored in the literature with the creation of eggs enriched in omega-3 fatty acid, 
vitamin E, vitamin A, vitamin D and Selenium (Bourre et al., 2005).  More recently, 
isoflavone-enriched eggs have been created by adding soy or isoflavone supplements to 
the laying hen diet (Saitoh et al., 2001, Saitoh et al., 2004, Galdos, 2009, Lin et al., 2004).  
One specific isoflavone that has gained much attention is equol, a secondary metabolite 
of the soy isoflavone daidzein.  Equol intake has been correlated with positive health 
outcomes like decreased blood pressure, decreased risk of heart disease, lower risk of 
osteoporosis and reduced incidence of breast, uterine, and prostate cancers (Lampe, 
2009).  An individual’s ability to produce equol from daidzein however is not universal 
and depends upon several factors including the presence of specific bacterial populations 
in the intestinal tract (Atkinson et al., 2005).  It has been estimated that as much as 50% 
of the westernized population cannot metabolize daidzein into equol (Atkinson et al., 
2005).  Therefore, production of equol-enriched eggs could provide a valuable source of 
equol to a traditional western diet that is otherwise lacking in this health promoting 
nutrient.  The current study was initiated to determine if the equol content in table eggs 
could be increased by supplementing the laying hen diet with soy germ in conventional or 
free-range production systems. 
3.3 BACKGROUND 
Soy isoflavones have moved to the forefront of research initiatives because of the 
growing evidence for their beneficial effects on human health.  Epidemiological studies 
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like the Shanghai Women’s Health Study have identified inverse correlations between 
soy consumption and risk of some chronic diseases including blood pressure (Yang et al., 
2005), type 2 Diabetes Mellitus (Villegas et al., 2008), pre-menopausal breast cancer 
(Lee et al., 2009), endometrial cancer (Xu et al., 2004), bone fractures (Zheng et al., 
2005), coronary heart disease (Zhang et al., 2003), colorectal cancer (Yang et al., 2009) 
and prostate cancer (Zheng et al., 2005).  Clinical trials however, have been complicated 
with mixed results and have not always reproduced beneficial health effects from soy 
food consumption or isoflavone supplementation.  One of the leading hypotheses for the 
inconsistency in the results from the soy and isoflavone clinical trials is inter-individual 
differences in ability to absorb and metabolize soy isoflavones from the diet (Kelly et al., 
1995, Atkinson et al., 2005). 
Isoflavones in dietary sources of soy exist as glycones.  Daidzin and genistin are two 
glycones that have been extensively studied.  Glycones must first be converted into 
aglycones before they can be absorbed through the epithelium of the gastrointestinal 
tract.  Izumi et al. (2000) found that subjects supplemented with the glycone and 
aglycone forms of daidzin/genistin and daidzein/genistein had high blood plasma levels 
of aglycones with non-detectable levels of glycones.  Researchers suggested that these 
findings support the assumption that daidzin and genistin are converted into daidzein and 
genistein respectively before they can be absorbed through enterocytes in the human 
gastrointestinal tract.  Additional evidence for the role of intestinal microflora in the 
metabolism of isoflavones comes from several earlier studies that showed: 1) germ-free 
animals do not excrete isoflavone metabolites in urine after being fed sources of 
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isoflavone (Axelson and Setchell, 1981); 2) infants with immature bacterial populations 
who are exclusively fed soy-based infant formulas do not have circulating blood plasma 
levels of isoflavone metabolites (Rotimi and Duerden, 1981; Setchell et al., 1997); and 3) 
when soy is incubated with intestinal bacteria from human fecal samples, isoflavone 
metabolites are formed (Setchell et al., 2005).   
The role of intestinal bacteria in the conversion of glycones to aglycones may be the first, 
but not the only role for intestinal bacteria when metabolizing soy isoflavones.  Daidzein 
for instance can be directly absorbed through the gut wall or it can be further metabolized 
to form O-desmethylangolensin (O-DMA) and equol.  It has been estimated that 80-90% 
of humans in Western culture will form O-DMA from daidzein, while only 30-50% of 
individuals are able to form equol (Atkinson, 2005).  Setchell (2002) and Lampe (2009) 
have suggested that the ability to further metabolize daidzein into equol is also dependent 
upon the bacterial species present in an individual’s gastrointestinal tract, although the 
specific bacteria and their metabolic roles have yet to be identified.  It has been 
estimated, however that because it takes 12-36 hours for equol to appear in blood plasma 
after daidzein supplementation, production of equol from daidzein likely comes from 
bacteria of colonic origin (Setchell et al, 2003).  
To metabolize daidzin from soy into equol, daidzin must undergo the aforementioned 
hydrolysis to release the attached glucoside and form the aglycone daidzein.  Daidzein is 
then reduced through the intermediate dihydrodaidzein before being converted by 
deoxygenation to equol (Setchell and Clerici, 2010a).  The variability in an individual’s 
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ability to produce equol from daidzein has led researchers to classify individuals as 
‘equol-producers’ versus ‘equol non-producers’ and this forms the basis for the equol 
hypothesis (Setchell et al., 2002b).  The equol hypothesis suggests that equol-producers 
harbor bacteria required for the conversion of daidzein to equol, while non-producers do 
not have the appropriate microflora for this conversion (Setchell et al., 2002b).  This in 
turn provides an explanation for the inter-individual differences observed in the efficacy 
of soy supplementation on health outcomes in previous clinical trials (Setchell et al., 
2002b; Lampe, 2009).   
Equol is a polyphenol similar in structure to 17-β-estradiol, the physiologically active 
form of the human hormone estrogen.  Its molecular composition is C15H14O3, giving it a 
molecular weight of 242.27 daltons, and providing nonpolar characteristics that make it 
insoluble in water (Setchell and Clerici, 2010a).  Equol contains 2 reactive hydroxyl 
groups and 1 unreactive oxygen molecules in the central ring of the heterocyclic structure 
(Setchell and Clerici, 2010a).  Equol has a chiral carbon center at the C-3 position which 
allows it to exist in 2 enantiomeric forms, R-(+)equol and S-(-)equol.  S-(-)equol is the 
natural diastereoisomer that is produced by the colonic bacteria in humans (Setchell et al., 
2005). 
Equol structurally resembles 17-β-estradiol allowing it bind to estrogen receptor (ER) 
sites on estrogen targeted tissues (Matthews and Gustaffson, 2003; Setchell et al., 1984).  
Some tissues that contain ER include breast, uterine, ovary, liver, brain, prostate, and 
bone.  ER can be in the alpha (ERα) or beta (ERβ) formation (Matthews and Gustaffson, 
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2003).  When estrogen binds to the ER in the nucleus of the cell, the ER further binds to 
the estrogen response element (ERE) which signals gene activation.  Equol has a strong 
affinity (stronger than daidzein or genistein) and preferential binding to ERβ 
(Ki[ERβ]=16 nM; β/α=13 fold) (Muthyala, 2004).  In some cases, equol binds to ERβ 
where the change in the shape of the ERβ prohibits it from binding to ERE (ERE) 
(Kostelac, 2003).  This explains equol’s potential role in its chemoprotective effect on 
some cells.  When binding to the ERβ, equol likely changes the shape of the ERβ/ERE 
complex, thereby prohibiting further binding to the genetic sequencing in the cell 
(Kostelac et al., 2003).  This would in turn stop the signaling of proteins that activate cell 
proliferation.  By limiting cell proliferation, equol could potentially reduce the 
opportunity for tumorgenesis and cancer.   
In other cases, equol may produce a strong estrogenic effect on tissues.  For instance, in 
the liver cells, estrogen binds to the ERβ sites resulting in the ERβ/ERE complex.  This 
stimulates a gene response signaling the production of high density lipoprotein 
cholesterol (HDL) while inhibiting production of low density lipoprotein cholesterol 
(LDL) (Setchell et al., 2002).  Like estrogen, equol can bind to these estrogen receptor 
sites which could explain the cardioprotective characteristics seen with isoflavone/equol 
consumption (Ricketts et al., 2005).  This biological activity results in decreased serum 
LDL levels and increased serum HDL levels – physiological characteristics associated 
with a low risk of heart disease (Ricketts et al., 2005).   
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The equol hypothesis has led to investigations into methods for manipulating intestinal 
microbial populations to convert equol non-producers into equol-producers.  Research 
studies conducted on pre- and probiotics to date have been unsuccessful at transforming 
non-producers into producers (Uehara et al., 2001).  Additionally, other factors that 
contribute to the ability to produce equol are related not only to intestinal bacterial 
population but also to genetics and habitual diet (Lampe et al., 1998; Rowland et al., 
2000).  An alternative or additional strategy to creating equol producers from non-
producers is to develop food sources of equol.  Equol has been found in animal products 
such as milk and eggs suggesting that dairy cows and laying hens have the ability to 
produce equol from soy consumed in the natural diet (Kuhnle et al., 2008).  Additionally, 
there may be the potential to increase the equol concentration of eggs by adding 
supplemental soy to the hens’ feed.  Lampe (2009) suggests that a source of equol in food 
is necessary if equol non-producers are going to reap the health benefits of equol.  
Developing an equol-enriched egg as a source of equol may be an immediate and realistic 
method for providing equol to equol non-producers in Western cultures.  An equol-
enriched egg may serve a dual purpose, providing a specialty egg for which consumers 
will pay higher prices, thereby enhancing farmer sustainability through specialty egg 
marketing and profit. 
3.3.1 Isoflavone-enriched Eggs 
Preliminary work on the potential for increasing the isoflavone content in eggs by feeding 
laying hens higher amounts of soy or isoflavone supplements has been investigated.  
Saitoh et al. (2001) administered a diet with a high concentration of soy isoflavones to 
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laying hens to determine the extent to which the isoflavones transferred to the egg.  
Twenty hens were divided into 4 groups.  Two groups of hens were fed an isoflavone-
enriched diet containing 36.87 mg or 124.01 mg of total isoflavone respectively.  
Daidzein and genistein were the 2 isoflavones that increased the most in the feed.  The 
daidzein content in feed was 0.8 mg daidzein/100g feed in the control diet versus 35.3 mg 
daidzein/100g feed in the isoflavone enriched diet.  Genistein content was 1.0 mg 
genistein/100g feed in the control diet versus 47.7 mg genistein/100g feed in the 
isoflavone enriched diet.  Blood plasma was collected prior to dietary treatment and again 
at 1, 3, 6, 12, and 18 days from the start of the experiment.  Eggs were collected every 
morning for 18 days (Saitoh et al., 2001).       
Saitoh et al. (2001) found that the concentration of total isoflavones in plasma from hens 
fed the treatment diet rose dramatically on the third day after the start of the experiment 
and peaked on day 12 at 3,167nmol/L.  Plasma concentration from hens fed the control 
diet remained stable at 80-200 nmol/L for the duration of the experiment.  Isoflavones 
were extracted using diethyl ether and gas chromatography.  In egg yolk, the 
concentration of isoflavones rose steadily after day 6 and peaked day 12 at 65.29 µg 
isoflavones/100g feed compared to 3 µg isoflavones/100g feed in the control group.  No 
differences were detected in cholesterol concentration of eggs from hens fed the 
treatment diet compared to eggs from hens fed the control diet.  Authors concluded that 
isoflavone content can be increased in eggs from hens fed a soy isoflavone-enriched diet 
(Saitoh et al., 2001).  
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Lin et al. (2004) studied the transfer of the soy isoflavone genistein from the diet to 
Japanese quail eggs.  Quail were randomly assigned to either a control or one of 3 
treatment groups.  Quail in the treatment groups were fed encapsulated genistein in 50 or 
100 mg doses or genistin in an 80 mg dose for 5 days.  Quail in the control group were 
fed a placebo.  Eggs were collected prior to treatment and for 15 days after the start of the 
study.  Eggs were separated into yolk and white portions and isoflavones were extracted 
using methanol for HPLC analysis.  Researchers found trace amounts of genistein in egg 
yolks from hens fed the control diet.  No isoflavone was found in the white of the eggs.  
Egg yolks from the higher dosage of genistein supplementation had higher concentrations 
of genistein than the lower dosage at day 10 of the experiment.  Genistein concentration 
in the 100 mg dosed treatment group was 2.4 µg/egg yolk and in the 50 mg dosed 
treatment group was 1.6 µg/egg yolk.  There was a significantly lower level of genistein 
in yolks from hens fed 80 mg of the genistin (0.8 µg/egg yolk).  Results from the study 
support the suggestion that the glyconic form of the isoflavone is not easily absorbed and 
transferred to the yolk of the egg.  Researchers suggested that, like humans, quail may 
have inter-individual differences in their ability to metabolize genistin to genistein. 
However, results support a dose-dependent effect of genistein supplementation on the 
genistein concentration in the egg yolks of quail (Lin et al., 2004).   
Saitoh et al. (2004) conducted a subsequent investigation of the biological transformation 
and transport of isoflavones, with particular attention to equol, from the diet to the blood 
plasma and egg yolks of laying hens.  Researchers developed a soy-free control diet 
which became the base formulation for all treatments.  Purified soy hypocotyls were 
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added to the soy-free control diet to create additional low and high isoflavone feeds with 
180 mg hypocotyls/100g feed and 530 mg hypocotyls/100g of feed respectively.  
Eighteen hens were fed the control diet for 2 weeks before being divided into groups of 3 
for treatments.  Nine hens (3 hens per diet treatment) were fed the control diet, low 
isoflavone diet, or high isoflavone diet for 21 days of blood plasma collection and 9 hens 
were fed the diets for 42 days of egg collection.  Blood samples were collected on days 0, 
3, 6, 12 and 21 of the experiment and eggs were collected on experimental days 0, 3, 6, 
12, 18 and 42.  Isoflavones in plasma and egg yolks were extracted with methanol after 
treatment with β-glucuronidase and subjected to HPLC for analysis (Saitoh et al., 2004).   
Daidzein and equol were the dominant isoflavones found in both plasma and yolk (Saitoh 
et al., 2004).  Total isoflavone and equol concentrations began to increase within 24 
hours after feeding the treatment diets.  Blood plasma equol concentrations in the low and 
high isoflavone diets ranged from 0.5-1.0 nmol/mL and remained stable throughout the 
21 days of plasma collection.  Yolk equol steadily accumulated over the course of the 
experiment reaching a concentration of 5.5 nmol/g yolk – a level that was approximately 
5 times that of the plasma concentration.  By the end of the 42 day experiment, equol 
made up more than 50% of the total isoflavones analyzed in the yolk.  Researchers 
suggested that the higher concentration of equol in the yolk compared to the 
concentration of equol in plasma may indicate that equol in yolk is not due to incidental 
exposure to the plasma, but may be selectively transported from the plasma to the 
growing oocytes where it accumulates over time.  Equol concentration was highest at day 
42 of the experiment.  Failure for equol to peak and level off during the course of the 
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study suggests the potential for continued accumulation in the yolk of the egg (Saitoh et 
al., 2004).      
In 2009, Galdos evaluated the transfer and accumulation of isoflavones from laying hen 
diets into hen eggs and tissues (Galdos, 2009).  Researchers fed 48 hens 1 of 3 diets - 
soy-free (SF), standard 25% soybean meal (SS), or 25% soybean meal with 5g of 10% 
isoflavone soy germ (SG)/100g feed for 28 days.  Tissue samples were collected on day 
30.  The isoflavone content of the SF, SS, and SG feeds was 8.0 mg/100g feed, 77.4 
mg/100g feed and 572.9 mg/100g feed respectively.  Hens fed the SF feed produced eggs 
with non-detectable levels of isoflavones by the tenth day of treatment.  Hens fed the SS 
diet produced eggs with an average of 46 µg isoflavones/100g egg yolk, while hens fed 
the SG diet produced eggs with an average of 998 µg/100g egg yolk.  Galdos (2009) 
found that total isoflavones plateaued in the yolks after day 10 of treatment.  Total and 
individual isoflavone levels were measured on day 10; however, the equol content was 
not reported beyond day 10 of the experiment (Galdos, 2009).  This makes it impossible 
to compare Galdos (2009) and Saitoh et al. (2004) findings relative to the latter’s 
observation that equol continued to accumulate in the egg yolk through the last day of the 
study (42 days) and that this on-going increase significantly affected the proportion of 
equol in the yolk compared to other isoflavones (Saitoh et al., 2004).  On day 10 of the 
experiment conducted by Galdo (2009), equol comprised an average of 484.2 µg/100g 
yolk in the eggs from hens fed the SG diet (Galdos, 2009).   
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Liver and kidney tissues contained the highest amounts of isoflavones with equol 
comprising 50% of the total isoflavones detected (Galdos, 2009).  Liver tissue contained 
an average of 1668 µg/100g tissue sampled and kidneys contained 1475 µg/100g of 
tissue sampled.  These results suggest that isoflavones pass through the liver before being 
transported to cell receptors of target tissues and then are excreted through the kidney 
(Galdos et al., 2009).  The results of this and previous studies support the laying hen’s 
ability to absorb and metabolize isoflavones into equol, providing reasonable evidence 
for the enrichment of eggs in the isoflavone equol. 
3.4 METHODS 
3.4.1 Housing 
Approval for the use of animals was obtained through the Clemson University Animal 
Care and Use Committee March 1, 2011 (Approval Number UAP2011-008).  Eighty-
four, 2 day old, Bovan Brown chicks were transferred to the Clemson University Morgan 
Poultry Center in Clemson, South Carolina from a commercial hatchery.  Chicks were 
housed in indoor floor pens (14 chicks/pen) on pine shavings bedding under brooders and 
given feed and water ad libitum.  Three groups of pullets were moved to a free-range 
housing system (FR) and 3 groups were moved into battery cages (BC) at 16 weeks of 
age.   
Battery cages were maintained in an indoor poultry house in banks of 2 cages high, 4 





) and sets of 3 or 4 pullets from one floor pen were placed along a single row of 
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cages for a total of three occupied rows.  Rows were staggered among the 2 banks to 
avoid cross-over of feed or feces from one group to another during the study.  Cages were 
equipped with feed troughs, nipple drinkers and egg collection troughs.    




) pens.  Each 




) outdoor range surrounded 
by chain link fencing with an outer electric wire and overhead nylon netting to protect 
chickens from predators.  A light-weight shading tarp was spread over 1/3 of the 
overhead netting to supply equol amounts of shade over each range area.  Grass was 
mowed short in and around each range areas prior to introducing the pullets to the free-
range system.  The indoor pens of the range house were equipped with 9 nest boxes each 
that contained pine shavings and wooden perches.  Each pen contained its own waterer 
and feeder and the floor was covered with bedding made of pine wood shavings.   
3.4.2 Diets 
During the grow-out period (2 days to 16 weeks of age), parallel diets for free-range (FR) 
and battery cage (BC) hens of standard 25% soy (SS) and soy free (SF) formulations 
were used (Table 1).  FR diets were plant-based while the BC diets included animal 
sources of fat and protein.  Birds received starter feed crumbles consistent with their 
pen’s diet assignments until 16 weeks of age when starter feeds were substituted with 
layer feeds.  Layer feeds included: 1) free-range standard soy feed (FRSS) which 
contained 18% crude protein with 1,250 ME/lb; 2) free-range soy free feed (FRSF) 
containing 19% crude protein with 1,220 ME/lb; 3) battery cage standard soy feed 
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(BCSS) containing 19% crude protein with 1,250 ME/lb and 4) battery cage soy free feed 
(BCSF) which contained 18% crude protein with 1,300 ME/lb.  At 19 weeks of age, hens 
began the first of two- 4 week consecutive feeding experiments.  Two soy enhanced feeds 
were formulated - one for the free-range hens and 1 for the battery cage hens.  These 
were created by adding 5 grams of soy-germ/100 grams of feed to the 25% standard free-
range feed and battery cage feed.  Soy germ was procured in a bulk shipment and mixed 
with the SS feeds in the feed mixing room at the University of Georgia’s (UGA) Poultry 
Research Farm facility in Athens, Georgia.  All feeds were mixed on the same day and in 
the total amount needed for 2, 4 week trials.     
Layer feed was tested for proximate composition at the Clemson University Agriculture 
Service Laboratory (Table 3.1).  Samples were analyzed for mineral content, crude 
protein and total fat.  Feed composition was adjusted with limestone to ensure 
comparable calcium-phosphorus ratios.   Standard mineral profile (phosphorus, 
potassium, calcium, magnesium, sulfur, zinc, copper, manganese, and iron) was 
performed using inductively coupled plasma-mass spectrometry (Haynes, 1980).  Soxhlet 
extraction method was used to determine percent fat (AOAC Official Method 920.39). 
Crude protein was calculated as percentage of total nitrogen based on dry weight and 
measured with a LECO FP528 Nitrogen Combustion Analyzer (AOAC Official Method 
990.03).   
Eggs from hens aged 20, 24, 25, and 28 weeks were analyzed for equol concentration 
(Table 3.2).  Eggs from weeks 20 and 25 provided baseline equol levels for the two 
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feeding experiments.  Eggs from weeks 24 and 28 corresponded with the end of each 3 
week treatment period.  Hens were fed the BCSF and FRSF diets at weeks 20 and 25.  At 
weeks 21 and 26, hens were given 1 of 3 diet treatments; BCSF/FRSF, BCSS/FRSS, or 
BCSE/FRSE.  Hens were maintained on these feeds for 3 weeks.  At the end of the 3 
weeks of diet treatments (hen age 24 and 28 weeks), eggs were analyzed again for equol 
concentration.  Hens receiving the soy free diets were considered the control groups and 
were maintained on their soy free diets for the duration of the growing period and over 
both 4 week feeding trials. 
3.4.3 Egg collection and storage 
Eggs were collected daily between 9:00 and 10:00 am each morning for 8 consecutive 
weeks into new, cardboard egg cartons for transport to the laboratory.  Eggs were held in 
cartons at room temperature for 24 hours before being cracked and contents collected.  
Pools of 4 eggs each were collected into bags and stomached for 30 seconds at 250 rpm.  
Pooled egg samples were stored in a -4°C freezer for up to 10 weeks before nutrient 
analysis was performed.  
3.4.4 Chemicals and HPLC Analysis 
Acetic acid, sodium acetate, HPLC-grade acetonitrile, methanol, and hexane and the 
enzyme β-glucuronidase were purchased from Sigma-Aldrich (Sigma-Aldrich Co, LLC, 
St. Louis, MO 63103).  The equol standard was purchased from Fisher Scientific (Fisher 
Scientific, Pittsburg, PA 15275) and a reverse phase, 4.6X150 symmetry 3.5 micrometer 
C-18 column was purchased from Waters Corporation (WAT054454 Milford, MA, 
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01757).  An equol standard curve was determined after creating a standard stock solution 
of 5 mg powdered equol combined with 1 mL of 50:50 (v/v) acetonitrile and pure water.   
A total of 96 samples, 48 pooled egg samples in duplicate, were allowed to thaw in a 6°C 
refrigerator before freeze drying.  Twelve and a half grams of whole dried egg were 
combined with 20 mL of sodium acetate (NaAce) and 75 µL of β-glucuronidase enzyme 
and samples were incubated at 37°C overnight.  Samples were removed from the 
incubator and equol extracted for 2 hours on an isotemp stir plate with 80 mL of 100% 
methanol (MeOH) before centrifugation at 10,000 rpm for 20 minutes.  Supernatant was 
reserved and combined with 30 mL each of pure water and hexane.  Samples were shaken 
vigorously and centrifuged again at 10,000 rpm for 20 minutes.  Samples were placed in 
the refrigerator until the hexane layer could be removed.  The water/MeOH layer was 
reserved and concentrated to approximately 4 mL on a rotary evaporator before being 
subjected to HPLC analysis.   
A Waters liquid chromatograph with an auto sampler model (2707) and a model (1515) 
controller pump fitted with a C-18 reverse phase column connected to a photodiode-array 
detector model was used to measure equol concentration of egg samples.  Samples were 
injected at a flow-rate of 20 µL/min and eluted isocratically with 33% acetonitrile (A) 
and 67% water:acetic acid (99:10 v/v) (B).  Absorbance was read at 282 nm and equol 





Mean equol concentrations were not significantly different between housing systems or 
trial periods.  Therefore data were pooled for treatment weeks 23 and 27 and mean equol 
concentrations were determined for soy-free, standard soy, and soy enhanced diet 
treatments (Table 3.3).  Equol concentration in eggs from hens fed soy enhanced diets 
was significantly higher than equol concentrations of eggs from hens fed both the 
standard soy and soy-free diets (302.2, 197.9 and 137.6 micrograms /100 g egg, 
respectively; P<0.002, P<0.0001).  Differences in egg equol concentrations from 
standard soy fed hens and soy-free fed hens approached but did not reach significance 
(P<0.0649).   
To evaluate changes in equol concentration from week 1 to week 4 of each trial period, 
mean equol concentrations of eggs from BC and FR diet groups were determined 
(Figures 3.2 to 3.7).  In the first 4 week trial, BCSF egg equol content stayed relatively 
stable from week 1 to week 4 (125.7 to 133.7 micrograms /100 g egg, respectively) while 
FRSF decreased from week 1 to week 4 (136.2 to 89.4 micrograms /100 g egg).   
The findings of equol content in eggs from hens fed SF diets was surprising and likely 
reflects non-soy isoflavone sources in the feed.  The BCSF diet contained corn and dried 
distillers grains solids (DDGS) while the FRSF diet contained alfalfa meal.  The levels of 
isoflavones in corn and alfalfa meal are extremely small compared to soybean meal (12 
and 36 ppm for corn meal and alfalfa meal compared to 1400 ppm in soybean meal).  The 
isoflavone content of DDGS is not known but it is produced through yeast fermentation.  
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It is possible that the fermentation process used in the production of DDGS could 
increase the availability of isoflavones from the corn, thereby increasing isoflavone 
concentrations in the resulting eggs.  Another potential source in the BCSF diet may be 
the animal fat inherent in the animal byproduct added for protein.  Isoflavones are fat-
soluble and are likely stored in the fatty tissue of the chickens consuming them in feed.  
In the free-range system, pasture vegetation consumed by the hens could have 
contributed to the deposition of isoflavones in the eggs of FRSF fed hens.  Isoflavone-
related effects on sheep consuming red clover while grazing in pastures have been 
reported.  Isoflavones have also been found in the milk of pasture-fed dairy cows (sheep 
study).  It is likely that the isoflavone content of eggs from hens fed soy-free diets is due 
to a compounded effect of several low isoflavone non-soy sources in the diet.  Future 
studies stemming from this preliminary work should include analysis of the feed 
components and pasture grass to determine sources of isoflavones beyond the estimated 
soy content of the feed. 
In trial 1, BCSS and FRSS eggs showed a modest increase in equol from week 1 to week 
4 (82.7 to 113.6 and 139.7 to 165.9 micrograms /100 g egg, respectively).  Equol 
concentration of the soy enhanced eggs in FR increased sharply from week 1 to week 4 
(145.4 to 246.9 micrograms /100 g egg) while BCSE decreased from week 1 to week 4 
(158.4 to 138.7 micrograms /100 g egg).  It is unclear as to why the concentration 
decreased over the time soy germ was being supplemented in the diet but it may be due to 
farm or laboratory error.  In trial 2, there were modest increases in BCSS and FRSS eggs 
from week 1 to week 4 (125.3 to 137.9 and 185.6 to 240.4 micrograms /100 g egg, 
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respectively) with expected sharp increases in BCSE and FRSE eggs (102.8 to 205.3 and 
118.2 to 295.2 micrograms/100 g egg, respectively).     
3.6 DISCUSSION 
Equol concentrations in eggs from hens fed a diet enhanced with soy germ increased after 
3 weeks of diet treatment over and above the equol concentrations of eggs from hens fed 
a standard, 25% soy meal diet.  SS diets produced eggs with mean concentrations of 
197.9 micrograms equol/100 grams whole egg and SE diets produced eggs with an 
average equol concentration of 302.2 micrograms/100 grams egg.  These concentrations 
are consistent with findings from Saitoh et al. (2004) who found total isoflavone 
concentrations of egg yolks in the range of 200-500 micrograms/100 gram of yolk with 
approximately 100-300 micrograms of total isoflavones comprised of equol (authors 
reported that equol represented more than 50% of the total isoflavone content of the egg 
yolk).  These findings are different however from those reported by Galdos (2009) who 
found a peak of almost 1000 micrograms total isoflavones with 484 micrograms equol in 
100 grams of egg yolk from hens fed a diet supplemented with soy germ.  Saitoh et al. 
(2004) and Galdos (2009) had similar levels of isoflavones in the isoflavone enriched 
diets compared to the current study (528, 573 and 530 micrograms/100 grams feed 
respectively).  It is possible that, like humans, chickens have inter-individual differences 
in their ability to metabolize soy isoflavones to equol.  In all cases described, eggs were 
pooled for analysis making it impossible to determine if there were differences related to 
individual hen equol producing capabilities.   
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Another possibility for lower equol concentrations found in the current study compared to 
Galdos (2009) is because the equol was extracted from whole egg samples.  Despite 
efforts to remove proteins from the whole egg samples, some proteins remained as 
evidenced by foaming during evaporation for concentration.  Achourie et al. (2005) found 
that the presence of proteins can significantly reduce the amount of isoflavones that can 
be extracted from a sample.  Separating egg whites from the yolk is the ideal sample 
preparation for extraction procedures.  However lower equol concentration in the current 
study from whole eggs may raise an interesting question about the bioavailability of 
equol in a whole egg source.  The findings from the current study warrant further 
research into determining maximally achievable levels of equol in eggs and the 
bioavailability of equol from whole eggs.     
3.7 CONCLUSIONS 
The preliminary findings from the current study support the potential for enhancing equol 
in table eggs with soy germ supplementation to the laying hen diet.  Hens from the free-
range system produced eggs with similar amounts of equol compared to eggs from 
battery cage hens suggesting that a free-range production system is an acceptable system 
for the production of an equol-enriched egg.  Also, soy-free diets should be further 












Composition FRSS FRSE FRSF BCSS BCSE BCSF 
Crude Protein (%) 18.6 19.0 18.1 18.8 19.7 18.4 
Fat (%) 3.3 3.2 3.0 2.5 2.0 7.7 
Moisture (%) 10.3 9.70 11.2 10.7 10.2 10.1 
Dry matter (%) 89.7 90.3 88.8 89.3 89.8 89.9 
P (%) 0.79 0.83 1.09 0.72 0.77 1.49 
Ca (%) 4.25 3.33 4.90 3.30 3.20 6.44 
Ca/P 5.37 4.01 4.48 4.61 4.16 4.32 
Mg (%) 0.35 0.34 0.24 0.19 0.20 0.22 
K (%) 1.14 1.13 0.71 0.90 0.90 0.54 
 S (%) 0.28 0.27 0.26 0.24 0.23 0.33 
Zn (ppm) 172 134 194 180 138 136 
Cu (ppm) 20 14 12 19 22 16 
Mn (ppm) 161 152 140 110 124 135 
Fe (ppm) 174 159 615 271 267 162 
1Standard mineral analyses includes: phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur 
(S), zinc (Zn), copper (Cu), manganese (Mn) and iron (Fe). 
2 FRSS=Free-Range Standard Soy Feed; FRSE=Free-Range Soy Enhanced Feed; FRSF=Free-Range Soy 
Free Feed; BCSS=Battery Cage Standard Soy Feed; BCSE=Battery Cage Soy Enhanced Feed; 




Figure 3.1: Chemical structure of daidzein and equol compared to estradiol (Setchell et 
al., 2010) 





Table 3.2 Experimental design showing laying hen feeding treatments
1
 for trials 1 and 2 
and the associated hen age during each trial 
Housing and  
Diet Group 












BCSF Diet BCSS Diet BCSF Diet BCSE Diet 
BC Group-2 BCSF Diet BCSE Diet BCSF Diet BCSS Diet 




FRSF Diet FRSS Diet FRSF Diet FRSE Diet 
FR Group-2 FRSF Diet FRSE Diet FRSF Diet FRSS Diet 
FR Group-3 FRSF Diet FRSF Diet FRSF Diet FRSF Diet 
1BCSF Diet = battery caged soy free layer feed; BCSS Diet = battery caged standard soy feed; BCSE Diet 
= battery caged soy enhanced feed; FRSF Diet = free-range soy free feed;  








Table 3.3: Average equol concentration in eggs from hens fed soy-free (SF), standard soy 
(SS) or soy enhanced (SE) diets 
 Soy-free Standard soy Soy enhanced 
Estimated total 
isoflavones in feed 
Minimal 
77 mg IF/100 g 
feed 
530 mg IF/100 g 
feed 
Measured equol 
concentration in whole 
egg 
137.6 µg/100 g 
egg 
197.9 µg/100 g 
egg 302.2 µg/100 g egg 




Figure: 3.2 – 3.4: Trial 1 – Equol concentration for each diet within each pen (BCSF and FRSF; BCSS and FRSS; BCSE and 
FRSE) at first and last week of trial 1 
 
 
Figure 3.5 – 3.7: Trial 2 – Equol concentration for each diet within each housing system (BCSF and FRSF; BCSS and FRSS; 
BCSE and FRSE) at first and last week of trial 2. 
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TRIAL 1 SOY ENHANCED DIETS 










TRIAL 2 SOY-FREE DIETS 
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TRIAL 2 SOY ENHANCED DIETS 
2WEEK 1 2WEEK 4
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CHAPTER 4  THE EFFECT OF ADDING SOY-GERM TO LAYING HEN DIETS ON 
THE NUTRIENT COMPOSITION OF THE EGGS PRODUCED IN FREE-RANGE OR 
CONVENTIONAL PRODUCTION SYSTEMS 
4.1 ABSTRACT 
An isoflavone-enriched egg could provide a valuable source of isoflavones to consumers 
of a traditional Western diet.  To market an equol-enriched egg, eggs must demonstrate 
that the nutritional value for amino acid, fatty acid, and cholesterol content is comparable 
or superior to conventional eggs.  The current study examined the amino acid, fatty acid, 
and cholesterol content of an equol-enriched specialty egg produced in a free-range (FR) 
and battery cage (BC) production system.  FR and BC hens were fed parallel diets of soy-
free (SF), standard soy (SS), and soy-enhanced (SE) diets within each system.  The 
amino acid profile, fatty acid profile and cholesterol content of eggs were determined 
through an outside laboratory using standard AOAC methods of analysis. Statistically 
significant differences were detected in eggs based on diet treatment and production 
system.  Eggs produced from 20 and 24 week old hens in the free-range system were 
consistently higher than eggs from 20 and 24 week old battery cage hens in linolenic acid 
(82% and 88% respectively), DPA (99% and 99% respectively) and DHA (60% and 65% 
respectively).  Eggs from battery cages were higher in stearic, elaidic, arachidonic and 
nervonic acids than free-range eggs at weeks 20 (6%, 37%, 19%, and 28% respectively) 
and 24 (14%, 33%, 29%, and 25% respectively).  While results show statistically 
significant differences in these fatty acids, the differences were small and are unlikely to 
have an impact on biological indicators of health.  It can be concluded however that eggs 
61 
 
produced from hens fed varying amounts of soy including soy enhanced feed and 
produced in either a free-range or conventional production system will have comparable 
amino acid, fatty acid, and cholesterol profiles. 
4.2 INTRODUCTION 
Specialty eggs are a growing market for egg producers in the United States.  The 
potential for marketing specialty eggs to consumers is related to egg characteristics that 
consumers find valuable.  Anderson (2009) described three consumer criteria that 
influence the purchasing of eggs: 1) they must be safe to eat; 2) provide a valuable source 
of nutrition; and 3) be produced in a humane manner.  Specialty eggs address these 
criteria, differing from conventional eggs in the method of production and/or in the 
nutrient profile of nutritionally enhanced eggs.  Omega-3 fatty acid enriched eggs and 
eggs produced in a free-range system are examples of specialty eggs currently on the 
market.  Omega-3 fatty acid enriched eggs have received a lot of attention for their 
effects on bioindicators of cardiac health (Jiang and Sim, 1993).  The success of these 
eggs has driven a ‘designer egg’ trend in egg production.  ‘Designer eggs’ have been 
developed with increased vitamin E, vitamin D, and selenium content (Surai and Sparks, 
2001).  More recently, an isoflavone-enriched egg has been created that could provide a 
source of isoflavones to consumers of a traditional Western diet.  Isoflavone-enriched 
eggs can be produced by increasing the isoflavone content of the laying hen feed (Saitoh 
et al., 2001; Saitoh et al., 2004; Lin et al., 2004; Galdos, 2009).  For the successful 
marketing of isoflavone enriched eggs they must demonstrate comparable or superior 
nutrient value compared to their conventional counterparts, however little information 
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exists about the nutrient profile of specialty eggs.  The current study examined the 
production of isoflavone-enriched specialty eggs to determine the effects of modifying 
the soy content in laying hen feed on the amino acids, fatty acids, and cholesterol levels 
of the eggs produced in a free-range and battery cage production system.     
4.3 BACKGROUND 
Evidence from studies sampling specialty eggs from retail stores supports the suggestion 
that some nutrients may be altered during the production of specialty eggs.  Cherian et al. 
(2002) investigated differences in fatty acid composition of 5 different kinds of specialty 
eggs purchased from multiple retail establishments in Oregon and included: 1) eggs from 
hens fed a diet with no animal fat, 2) brown eggs from certified organic free-range hens, 
3) Omega-3 brown eggs from uncaged, unmedicated hens, 4) brown eggs from cage-free 
hens given a vegetarian diet and 5) eggs from uncaged hens allowed to naturally nest.  
Fatty acid and egg composition of these specialty eggs were compared to conventionally 
produced white table eggs.  Using gas chromatography, total lipids, total saturated fatty 
acids (SFA), total monounsaturated fatty acids (MUFA), total polyunsaturated fatty acids 
(PUFA), n-6:n-3 ratios, and 7 of the major fatty acids (palmitic, stearic, palmitoleic, 
oleic, linoleic, arachidonic, and docosahexaenoic) found in eggs were quantified.  
Researchers found statistically different levels of fatty acids in specialty eggs compared 
to conventionally produced eggs (Cherian et al., 2002).  Eggs from hens fed a vegetarian 
diet with no animal fat had a lower palmitic acid, total saturated fat, and ratio of n-6 to n-
3 fatty acids than conventional eggs (mean palmitic acid = 24.6 vs. 26.1; mean SFA = 
33.3 vs. 35.2; mean n-6:n-3 = 11.5 vs. 27.3, respectively ).  Free-range organic brown 
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eggs had the lowest content of n-3 fatty acids while Omega-3 eggs from uncaged, 
unmedicated hens had the highest content of n-3 fatty acids (mean = 0.5 vs. 1.5, 
respectively).  The cage-free, vegetarian brown eggs had the lowest total lipid content 
compared to other specialty and conventional eggs.  Finally, eggs from uncaged, 
naturally nested hens had a higher ratio of n-6 to n-3 fatty acids compared to eggs from 
hens fed a no animal fat diet.  There were no differences in the fatty acids palmitoleic, 
oleic, or arachadonic and no differences in total MUFA or PUFA.  The researchers 
concluded that differences may exist in the fatty acid composition of specialty eggs 
compared to conventional eggs and suggested that the findings support the potential for 
developing more specialty eggs with nutritionally enhanced properties (Cherian et al., 
2002).   
A similar study by Samman et al. (2009) investigated differences in fatty acid 
compositions of commercially available conventionally produced eggs compared to 
certified organic eggs and omega-3 enriched eggs.  Researchers collected a total of 180 
eggs, 96 conventional, 72 organic and 12 omega-3-enriched eggs at local retail stores 
purchased throughout Sydney, Australia.  The weight of the eggshell, albumin, and yolk 
were recorded and yolks were pooled into groups of 2 for analysis.  Fatty Acid Methyl 
Esters (FAME) were analyzed by gas chromatography and retention times and peak areas 
were calculated and compared to a standard mixture. 
Samman et al. (2009) found significant differences in fatty acid composition between 
production systems.  Organic eggs were significantly higher in palmitic (25.1 vs. 25.5) 
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and stearic acids (8.77 vs. 8.37) than conventional eggs.  When organic eggs were 
divided into free-range and barn-laid eggs, percent fat and percent saturated fat was 
higher in free-range and barn-laid eggs than in eggs from caged hens.  Researchers 
attributed the higher percent fat and percent saturated fat to the higher levels of stearic 
acid in the free-range eggs compared to the caged eggs.  Finally, caged eggs had a higher 
omega 3:6 ratio than free-range eggs.  Researchers concluded that while there were 
statistically significant differences detected, the differences in fatty acid composition 
between eggs produced in different housing systems were unlikely to impact the health of 
the consumer (Samman et al., 2009). 
Matt et al. (2009) conducted a study to determine the impact of production system on the 
quality and proximate composition of chicken eggs.  Eggs were collected from organic 
and conventional housing farms in Estonia and analyzed through an accredited laboratory 
for energy content, carbohydrate, cholesterol, protein, fatty acid, sodium, potassium, 
phosphorus, dry matter and vitamins (vitamin A, α-tocopherol, β-tocopherol, γ-
tocopherol, δ-tocopherol, and vitamin D).  Hens from organic housing had outdoor access 
throughout the year and consumed a vegetarian diet.  Conventional hens were in a 
commercial laying production system in battery cages.  Conventional hens were given a 
cereal-based diet with additives (details not provided).  Significant differences were 
found in cholesterol level, potassium, and calcium content of the eggs (P<0.05).  Free-
range eggs were higher in cholesterol (free-range = 489, caged = 381), potassium (free-
range = 122, caged = 131) and calcium (free-range = 13.6, caged = 38.2) (489, 122, and 
13.6 respectively) compared to eggs from hens in the caged system (381, 131, and 38.2 
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respectively).  Conventionally produced eggs were higher than free-range eggs in 
phosphorus (173 vs. 164), dry matter (23.15 vs. 22.6), and total fat content (8.88 vs. 7.94) 
but these differences did not reach statistical significance.  Organically produced eggs 
were significantly lower in vitamin A, α-tocopherol, γ-tocopherol, and vitamin D.  There 
were no significant differences in specific fatty acids, protein, or sodium levels (Matt et 
al., 2009).     
Finally, Anderson (2011) compared eggs produced in caged and free-range housing 
systems for total fat, saturated fat, monounsaturated fat, polyunsaturated fat, n-3, 
cholesterol, vitamin A, and vitamin E.  Eggs were collected from Hy-Line Brown laying 
hens at 50, 62 and 74 weeks of age that were being used for the North Carolina Layer 
Performance and Management Test (NCLP&MT), a concurrent study evaluating 
commercial layer flocks.  The hens were from the same flock and attempts were made to 
control for variables like diet, lighting and indoor temperature.  Eggs were analyzed at 
several outside laboratories for nutrient content.  Researchers found no significant 
differences in eggs from caged and free-range housing for cholesterol, saturated fat, or 
vitamin content.  Free-range eggs were significantly higher in total fat (free-range = 
8.11%, caged = 7.88%), mono-unsaturated fat (free-range = 3.80%, caged = 3.67%), 
poly-unsaturated fat (free-range = 1.36%, caged = 1.25%) and n-3 fatty acid content 
(free-range = 84.31 mg/50 g, caged = 70.56 mg/50 g) than eggs from caged hens at a 
significance level of P<0.05.  There was also a marked difference in β-carotene levels 
between free-range eggs and eggs from the hens in a caged system (10.54 and 2.77 
respectively; P<0.05).  Anderson (2011) concluded that differences exist between eggs 
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produced in a free-range compared to a conventional system, but questioned the 
biological significance of these differences.  For the production of a nutrient-enriched egg 
produced in a free-range system, it will be important to identify if differences in the 
amino acid, fatty acid, or cholesterol content of the eggs exist and to verify that the 
integrity of the nutritional value is at minimum maintained despite changes to the laying 
hen’s feed or production system.   
The potential for the development of a specialty egg with enhanced isoflavone content 
has been evaluated over recent years based on indications from epidemiological studies 
of positive human health outcomes correlated with increased isoflavone consumption 
(Saitoh et al., 2001, Saitoh et al., 2004, Galdos, 2009).  The production of this kind of 
specialty egg requires the addition of soy-germ or purified isoflavones to laying hen diets 
to maximize the transfer of isoflavones from the diet to the egg.  Saitoh et al. (2001) was 
the first to identify the transfer of isoflavones from the diet to the yolk of the eggs.  To 
create the isoflavone-enriched eggs, researchers added purified daidzein and genestein to 
the feed of laying hens and compared the isoflavone content to conventionally fed hen 
eggs.  Eggs from the isoflavone-enriched diet were significantly higher in daidzein and 
genistein than the conventional eggs (Saitoh et al., 2001).  In 2004, Saitoh et al. identified 
significant levels of the daidzein secondary metabolite equol in the yolk of eggs from 
hens fed an isoflavone-enriched diet (Saitoh et al., 2004).  Galdos (2009) later confirmed 
the ability to increase the insoflavone content in eggs by adding soy germ to the laying 
hens’ diet.  While these studies demonstrate the ability to produce an isoflavone-enriched 
specialty egg, effect of adding soy germ to the laying hens’ diet on the amino acid, fatty 
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acid and cholesterol content of these eggs has not been investigated.  This study aimed to 
identify differences in the nutritional composition (amino acid, fatty acid and cholesterol) 
of isoflavone-enriched eggs produced conventionally and in a free-range production 
system.   
4.4 METHODS 
4.4.1 Housing 
Approval for the use of animals was obtained through the Clemson University Animal 
Care and Use Committee March 1, 2011 (Approval Number UAP2011-008).  Eighty-
four, 2 day old, Bovan Brown chicks from a commercial hatchery were transferred to the 
Clemson University Morgan Poultry Center in Clemson, South Carolina.  Chicks were 
maintained in 6 indoor floor pens under brooders and on pine shaving bedding in groups 
of 14 chickens per pen and given ad libitum access to feed and water.  At 16 weeks of 
age, pullets from three of the pens were moved to a free-range housing system (FR) and 
pullets in the remaining three pens were moved into battery cages (BC).   
Caged layers were housed in two banks of battery cages in an indoor poultry house.  
Banks were 3 cages high, 4 cages per level, and 2 cages wide.  Each battery cage had 24 
X 24 X 16 inches (5.3 ft
3
 or 0.15 m
3
) of space.  Sets of 3 or 4 pullets from a single floor 
pen were placed into individual battery cages along a single bank row.  A total of three 
rows, one row from each floor pen, were staggered among the 2 banks to avoid cross-
over of feed or feces from one group to another during the study.  Cages had wire mesh 
flooring and were equipped with feed troughs and nipple drinkers.  Egg collection 
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troughs with wire dividers were attached to the front of the cages to preclude eggs from 
one cage mixing with eggs from another cage.  




) pens, each 




) outdoor range.  Chain link 
fencing, an outside electric wire and overhead nylon netting were used to prevent 
entrance by predators.  A light-weight shading tarp was spread over 1/3 of the overhead 
netting to supply shade for each range area.  Grass was mowed short in each range and 
surrounding areas prior to introducing the pullets to the free-range system.  The indoor 
pens of the range house were equipped with 9 nest boxes each.  Nest boxes contained 
pine shavings and were accompanied by wooden perches.  Each pen contained a separate 
waterer and feeder and the floor was covered with pine shavings bedding.   
4.4.2 Diets 
During the grow-out period (2 days to 16 weeks of age), parallel diets for free-range (FR) 
and battery cage (BC) hens of standard 25% soy (SS) and soy free (SF) formulations 
were used (Table 1).  FR diets were plant-based while the BC diets included animal 
sources of fat and protein.  Birds received starter feed crumbles consistent with their 
pen’s diet assignments until 16 weeks of age when starter feeds were substituted with 
layer feeds.  Layer feeds included: 1) free-range standard soy feed (FRSS) which 
contained 18% crude protein with 1,250 ME/lb; 2) free-range soy free feed (FRSF) 
containing 19% crude protein with 1,220 ME/lb; 3) battery cage standard soy feed 
(BCSS) containing 19% crude protein with 1,250 ME/lb and 4) battery cage soy free feed 
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(BCSF) which contained 18% crude protein with 1,300 ME/lb.  At 20 weeks of age, hens 
began the first of two, 4 week feeding experiments.  Two soy enhanced feeds were 
formulated - one for the free-range hens and 1 for the battery cage hens.  These were 
created by adding 5 grams of soy-germ/100 grams of feed to the 25% standard free-range 
feed and battery cage feed.  Soy germ was procured in a bulk shipment and mixed with 
the SS feeds in the feed mixing room at the University of Georgia’s (UGA) Poultry 
Research Farm facility in Athens, Georgia.  All feeds were mixed on the same day and in 
the total amount needed for 2, 4 week trials.   
Layer feed was tested for proximate composition at the Clemson University Agriculture 
Service Laboratory (Table 2).  Samples were analyzed for mineral content, crude protein 
and total fat and feed composition was adjusted as needed with limestone to ensure 
comparable calcium-phosphorus ratios.   Standard mineral profile (phosphorus, 
potassium, calcium, magnesium, sulfur, zinc, copper, manganese, and iron) was 
performed by dry ashing the samples and determining mineral content using inductively 
coupled plasma-mass spectrometry (Haynes et al., 1980).  Crude protein was calculated 
as percentage of total nitrogen based on dry weight measured with a LECO FP528 
Nitrogen Combustion Analyzer (AOAC Official Method 990.03).  Percent fat was 
determined using a traditional Soxhlet extraction method with diethyl ether (AOAC 
Official Method 920.39). 
With the exception of the BCSF feed, commercially available feed was used in all 
experimental and control feeds.  The BCSF feed was custom mixed in the mixing room at 
70 
 
the University of Georgia’s Poultry Research Farm facility using a formulation developed 
by a poultry nutritionist on faculty in the Department of Poultry Science at the University 
of Georgia.  Also, while the intention was to provide a certified organic feed to the laying 
hens in the FR housing system, there is only 1 source of certified organic feed containing 
soy available in the U.S.  At 18 weeks of age, difficulties in shipping and procurement of 
this certified organic feed resulted in a change to an ‘all-natural’ plant based feed.  This 
feed was chosen instead because it was identical in formulation and was accessible for 
purchase locally.  Due to minimal ingredient availability, all feeds with the exception of 
the SF feed for the BC hens were procured in the total amount needed for 8 weeks of 
feeding and egg collection.   
Eggs were analyzed for nutrient analysis at hen ages of 20, 23, 24, and 2 weeks old.  At 
the beginning of each 4 week feeding trial when hens were 20 and 24 weeks old, hens 
were fed the BCSF and FRSF diets respectively and eggs were analyzed for baseline 
amino acid, fatty acid, and cholesterol levels prior to adding soy into the diets.  At weeks 
21 and 25, hens were assigned to the standard soy or soy-enhanced feeds (BCSS, BCSE 
or FRSS, FRSE).  Hens were maintained on these feeds for 3 weeks.  At the end of the 3 
weeks of diet treatments (hen age 23 and 27 weeks), eggs were analyzed again for 
nutrient composition.  Hens receiving the soy free diets were considered the control 
groups and were maintained on their soy free diets for the duration of the growing period 
and over both 4 week feeding trials. 
4.4.3 Egg collection and storage 
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Eggs were collected daily between 9:00 and 10:00 am each morning for 8 consecutive 
weeks into new, cardboard egg cartons for transport to the laboratory.  Eggs were held in 
cartons at room temperature for 24 hours before being cracked and contents collected.  
Pools of 4 eggs each were collected into bags and stomached for 30 seconds at 250 rpm.  
Pooled egg samples were stored in a -4°C freezer for less than 10 weeks before nutrient 
analysis was performed.   
Two pooled egg samples from each diet and at each hen age were allowed to thaw in a 
6°C refrigerator for 24 hours, or until they were completely thawed (no more than 48 
hours).  Egg samples in bags were blended to homogenate contents before weighing.  
Samples were weighed in duplicate into 40 g aliquots and placed into plastic sampling 
bottles before being shipped overnight to Missouri University Columbia Agricultural 
Feed Analysis Laboratory (MUC-AFAL) in Columbia, Missouri for analysis.   
4.4.4 Laboratory Analysis Methods  
Samples were freeze dried at the MUC-AFAL prior to analysis.  Cholesterol was 
measured using the AOAC Official Method 994.10 with gas-liquid chromatography.  
Crude fat was determined using a submersion method for fat extraction which is a 
modified Soxhlet extraction method (AOAC Official Method 920.39 (A).  Fatty acid 
profile was determined by measuring methyl esters by capillary column gas-liquid 
chromatography (AOAC official method 996.06).     
Data were analyzed using the analysis of variance (ANOVA) procedure in SAS to 
determine differences between the SE, SS, and SF diets within each production system.  
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ANOVA was also used to measure differences between fatty acid and cholesterol levels 
of eggs produced at various hen ages.  T-tests were used to determine confidence limits 
for differences in data based on production system for hens maintained on the SF/control 
diets throughout the course of the study. 
4.5 RESULTS 
Findings are reported as percentages of dry weights for egg samples (grams/100 grams 
dry weight).  No differences were detected in the amino acid profile or cholesterol levels 
of eggs based on diet, age, or production system (Table 4.3).  Effect of diet on nutrient 
composition of the eggs was determined by analyzing the data within each production 
system at hen ages 23 and 27 weeks.     
4.5.1 Free-Range Production System 
Significant differences were identified in the fatty acid composition of eggs from hens 
fed varying soy content in the free-range production system.  Eggs from hens fed the 
FRSE (soy enhanced) diet at 23 weeks of age were 22%, 5%, 21%, 15%, 10%, 45%, 
38%, and 39% lower in the fatty acids myristic, docosanoic, elaidic, oleic, 20:1n-9, 
linolenic, DPA and DHA respectively than eggs from hens fed the FRSF diet (Table 4.4).  
Free-range eggs from hens fed the FRSS (standard soy) diet had significantly lower 
levels of the fatty acids myristic, docosanoic, oleic, 20:1n-9, linolenic, DPA and DHA 
than eggs from hens fed the FRSF (soy free) diet (28%, 12%, 14%, 10%, 53%, 60% and 
45% lower respectively).         
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At 27 weeks of age, hens fed the FRSE diet in the free-range system produced eggs that 
were 25% and 25% lower in myristic acid than eggs from hens fed the FRSF and FRSS 
diets respectively.  The FRSE fed hens also produced eggs that were 15% lower in oleic 
acid and 40% lower in palmitoleic acid than the FRSF eggs.  FRSS eggs were 30% lower 
in DPA than eggs from hens fed the FRSF diet.    
4.5.2 Battery Cage Production System 
Battery cage eggs from 23 week old hens were also different based on diet (Table 4.5).  
Fatty acid levels in eggs from hens fed the standard soy or soy enhanced diets were 
higher compared to eggs from hens fed the soy free diet in palmitic acid (6% and 5% 
respectively), linoleic acid (53% and 58% respectively), 20:1n-9 (16% and 16% 
respectively), DHA (39% and 44% respectively), palmitoleic acid (12% and 13% 
respectively), and 17:1 fatty acid (38% and 34% respectively).  The BCSE and BCSS 
eggs were lower in elaidic acid and crude fat than the BCSF eggs (95% and 85% lower 
and 9% and 8% lower respectively).  No differences were detected in battery cage eggs 
from 27 week old hens based on diet. 
4.5.3 Effect of Hen Age 
Differences based on age (20, 23, 24, and 27 weeks of age) were determined by 
comparing hens at each point in time receiving the soy-free control diets within each 
production system.  There were higher levels of stearic acid in free-range control eggs 
from 20 week old hens than from 23 or 27 week old hens (10% and 4% respectively).  In 
battery cage eggs, levels of myristic, stearic, oleic, and arachidonic acids were higher at 
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20 weeks of age than at 24 weeks of age (16%, 13%, 4% and 22% respectively).   Also in 
battery cage eggs, levels of 17:0 were 60% lower at 20 weeks of age than at 27 weeks of 
age and linoleic acid was lower at 20 weeks of age than at 23 or 27 weeks of age (28% 
and 49% respectively).  These differences support findings from previous studies who 
have also found that egg nutrient composition changes over time as laying hens age 
(Basmacioùlu and Erg, 2005; Scheideler et al., 1998). 
4.5.4 Production System 
To determine differences in fatty acids based on production system, hens fed the control 
diet throughout the study were evaluated at 20 and 24 weeks of age (Table 4.6).  Eggs 
produced from 20 and 24 week old hens in the free-range system were consistently higher 
than eggs from 20 and 24 week old battery cage hens in linolenic acid (82% and 88% 
respectively), DPA (99% and 99% respectively) and DHA (60% and 65% respectively).  
Eggs from battery cages were higher in stearic, elaidic, arachidonic and nervonic acids 
than free-range eggs at weeks 20 (6%, 37%, 19%, and 28% respectively) and 24 (14%, 
33%, 29%, and 25% respectively).  Eggs from the battery cage system were also 6% 
higher in oleic acid compared to eggs from the free-range system at week 20.  Also, while 
oleic acid levels tended to be higher in eggs from 24 week old hens, the differences did 
not reach statistical significance.  Finally, at hen age 24 weeks, myristic acid levels were 




Minimal research has been conducted on the nutrient composition of specialty eggs in the 
U.S. despite consumer belief that specialty eggs have greater health benefits than 
conventionally produced eggs.  Results from studies in other countries where there are 
differences in production system and environmental conditions may not be applicable to 
the U.S. consumer and additional limitations in previous studies make comparison of 
results difficult.  Cherian et al. (2002) and Samman et al. (2009) collected eggs from 
retail sources which represent eggs that have been transported from all over the country.  
Retail eggs can have varying Julian or packing dates and come from hens that may be 
different ages and genetic strains.  Scheideler et al. (1997) evaluated the effect of genetic 
strain and age on the nutrient composition of eggs produced from hens fed a diet with 
flax plus oats or a diet of flax without oats.  These researchers found that strain, diet, and 
age of the hens significantly affected the lipids of the yolk and composition of the egg 
(Scheideler et al., 1997).   
Matt et al. (2009) controlled for differences based on geographical variability of retail 
eggs by collecting fresh eggs from 2 local farms.  Like Cherian et al. (2002) and Samman 
et al. (2009), researchers did not have control over the egg production methods at the 2 
farms.  Anderson (2011) controlled for diet and environment but chose a standard diet 
that may not be representative of what is used in commercial conventional or free-range 
production practices.  Anderson (2011) also compared eggs that were collected over a 
long period of time and around a period of molting leaving room for variability based on 
season and molting practices.  The current study accounted for many of these limitations 
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by comparing eggs from the same flock of hens (same strain and age) on the same farm 
(environmental and geographical controls) but in different housing systems which 
allowed for a true side-by-side comparison.  Eggs were collected directly from the farm 
controlling for potential differences related to varying storage or handling practices of 
retail eggs.  Lastly, the present study was conducted over a relatively short amount of 
time using young hens which eliminated differences based on seasonal variation or 
molting periods.       
It is common knowledge among poultry experts that the diet of the laying hen effects the 
nutritional composition of eggs (Romanoff and Romanoff, 1949).  This knowledge has 
led to the development of ‘designer eggs’ like omega-3 enriched eggs where fish oil or 
flax is added to the hen’s diet to produce an egg with high amounts of omega-3 fatty 
acids (Surai and Sparks, 2001).  Eggs produced from hens in different housing systems 
often utilize alternative feed formulations as well.  For instance, eggs labeled ‘organic’ 
must meet specific USDA-AMS guidelines of production and processing and one of these 
guidelines relates to the feed (www.ams.usda.gov/NOPCostSharing accessed online 
March 16, 2012).  To produce ‘organic’ eggs, the laying hens must be certified organic 
which means that all components of their feed must also be certified organic.  Organic 
status also forbids the use of any animal by-products in the hen’s feed.  Eggs produced in 
‘free-range’ or ‘pastured’ production systems have inherent differences in diet because of 
the exposure to grass, weeds, and bugs on the ranging areas.  Differences identified in the 
current study relating to production system and diet were expected for the 
77 
 
aforementioned reasons but represent the nutrient composition of free-range eggs that 
may be available to consumers. 
No differences in amino acid composition were detected in the current study.  Lunven 
and Le Clement de St. Marcq (1971) of the FAO/WHO Expert Group on Protein 
Requirements investigated the accuracy of the protein composition reference data of eggs 
originally established in 1963.  Researchers analyzed the amino acid profile of eggs 
produced in traditional caged systems and in ‘free-running’ production systems.  Lunven 
and Le Clement de St. Marcq reported no significant differences in amino acid profiles 
between production systems.  Authors concluded that the amino acid content of eggs is 
remarkably stable, unchanged by environment, breed, or protein content of the diet 
(Lunven and Le Clement de St. Marcq, 1971).  The current study supports these findings 
and suggests that the amino acid profile of eggs, unlike the fatty acid profile, is not easily 
manipulated by diet or production methods.     
Differences in fatty acid composition of the specialty eggs produced in the current study 
support previous research by Cherian et al. (2002) and Samman et al. (2009).  Cherian et 
al. (2002) found the lowest levels of stearic and palmitic acids in eggs that were labeled 
as ‘fed vegetarian diet’ but found no differences in fatty acids of eggs labeled ‘free-range, 
organic’.  In the current study, eggs from hens in the free-range system fed the soy free 
vegetarian diet were also lower in stearic acid compared to eggs produced from hens in 
the battery cage system.  Hens in the battery cage system were fed a parallel soy-free diet 
that varied based on inclusion of animal by-products in the conventional feed 
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formulations.  Samman et al. (2009), found an opposite trend with higher levels of stearic 
and palmitic acids in organic and free-range eggs than in conventionally produced eggs.  
It is difficult to determine why there are conflicting results from the three studies 
however, because Cherian et al. (2002) and Samman et al. (2009) did not have 
knowledge of the specific diet formulations and production practices used in the retail 
eggs they analyzed.     
The current study found consistently higher levels (P<0.05) of linolenic acid, DPA and 
DHA (all omega-3 fatty acids) in eggs from free-range hens compared to eggs from 
battery caged hens at 23 and 27 weeks of hen age.  Many studies have correlated omega-
3 fatty acid consumption with a decreased risk of cardiovascular disease (Kris-Etherton et 
al., 2003).  Additionally, DHA (docosahexaenoic acid) is a fatty acid that is essential for 
brain growth and development in infants and for normal brain function in adults 
(Horrocks and Yeo, 1999).  Studies have shown positive effects of DHA on several 
chronic diseases including hypertension, atherosclerosis, depression and adult-onset 
diabetes and there is growing support for its role in the prevention of Alzheimer’s disease 
(Horrocks and Yeo, 1999).  Consumption of omega-3 fatty acid-enriched eggs appears to 
have biochemical effects with cardioprotective characteristics in humans (Ohman, 2008).  
Therefore, increased linolenic acid, DPA and DHA in the fatty acid profile of free-range 
eggs is a positive outcome related to this type of production system.   
Consistently higher levels of stearic, elaidic, oleic, arachidonic, and nervonic acids were 
found in battery cage eggs as compared to free-range eggs.  While stearic acid is a 
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saturated fatty acid and elaidic acid is a trans-fatty acid (the trans-isomer of oleic acid), 
these fatty acids have not been found to be significantly problematic for health outcomes 
(Gebauer, 2007).  Of the saturated fatty acids, myristic acid is more closely associated 
with bio-indicators of coronary heart disease in humans than stearic and elaidic acids 
(Zock, 1994).  Myristic acid is found in significant amounts in butter fat and has been 
shown to have a high potential for increasing LDL-C in humans (Zock, 1994).  Stearic, 
elaidic and oleic acids however, appear to have neutral or limited effects on plasma 
cholesterol levels in humans (Zock, 1994).  While myristic acid levels were higher in the 
battery cage eggs than in free-range eggs from 28 week old hens, eggs from hens fed the 
FRSE diet were significantly lower in myristic acid than eggs from hens fed the FRSF 
diet at hen age of 24 weeks.  Additional research is needed to determine the impact of hen 
diet and production system on the myristic acid levels of the resulting eggs.   
While the free-range production system had positive fatty acid profiles including higher 
levels of omega-3 fatty acids, linolenic, DPA and DHA, differences were small and are 
not likely to provide a significant effect on health outcomes.  These findings are in 
accordance with previous studies by Matt et al. (2009) and Anderson (2011) who 
concluded that differences in the nutrient composition of specialty eggs based on 
production system, organic certification, or protein source (vegetarian vs. animal protein) 
were insignificant to the consumer.  It can be concluded however that nutrient 
composition of eggs from both production systems are comparable, providing a source of 
many beneficial fatty acids to an overall healthy diet.  Additionally, the current study 
provided insight about the effect of soy content in the feed of laying hens on the nutrient 
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composition of the eggs.  While statistically significant differences were identified 
between eggs from different soy content diet treatments in the current study, differences 
are unlikely to be clinically significant related to the fatty acid profile of the eggs.  The 
findings in this study suggest that the level of soy in the feed of laying hens (including 
soy-free feed), whether they are housed in a free-range or battery cage system results in 
small, biologically insignificant differences in the fatty acid composition of the eggs with 
no differences in amino acids or cholesterol levels. 
4.7 CONCLUSIONS 
Small, but biologically insignificant differences in fatty acid composition were identified 
in eggs based on the soy content of the diet and the production system.  Neither diet nor 
production system effected the amino acid or cholesterol level of equol-enriched eggs in 
a biologically significant manner.  These findings support the production of an equol-
enriched, free-range egg that will meet the inherent amino acid, fatty acid, and cholesterol 





Table 4.1 Experimental design showing laying hen feeding treatments
1
 for trials 1 and 2 
and the associated hen age during each trial.  
Housing and  
Diet Group 












BCSF Diet BCSS Diet BCSF Diet BCSE Diet 
BC Group-2 BCSF Diet BCSE Diet BCSF Diet BCSS Diet 




FRSF Diet FRSS Diet FRSF Diet FRSE Diet 
FR Group-2 FRSF Diet FRSE Diet FRSF Diet FRSS Diet 
FR Group-3 FRSF Diet FRSF Diet FRSF Diet FRSF Diet 
1BCSF Diet = battery caged soy free layer feed; BCSS Diet = battery caged standard soy feed; BCSE Diet 
= battery caged soy enhanced feed; FRSF Diet = free-range soy free feed;  












Composition FRSS FRSE FRSF BCSS BCSE BCSF 
Crude Protein (%) 18.6 19.0 18.1 18.8 19.7 18.4 
Fat (%) 3.3 3.2 3.0 2.5 2.0 7.7 
Moisture (%) 10.3 9.70 11.2 10.7 10.2 10.1 
Dry matter (%) 89.7 90.3 88.8 89.3 89.8 89.9 
P (%) 0.79 0.83 1.09 0.72 0.77 1.49 
Ca (%) 4.25 3.33 4.90 3.30 3.20 6.44 
Ca/P 5.37 4.01 4.48 4.61 4.16 4.32 
Mg (%) 0.35 0.34 0.24 0.19 0.20 0.22 
K (%) 1.14 1.13 0.71 0.90 0.90 0.54 
 S (%) 0.28 0.27 0.26 0.24 0.23 0.33 
Zn (ppm) 172 134 194 180 138 136 
Cu (ppm) 20 14 12 19 22 16 
Mn (ppm) 161 152 140 110 124 135 
Fe (ppm) 174 159 615 271 267 162 
1Standard mineral analyses includes: phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur 
(S), zinc (Zn), copper (Cu), manganese (Mn) and iron (Fe). 
2 FRSS=Free-Range Standard Soy Feed; FRSE=Free-Range Soy Enhanced Feed; FRSF=Free-Range Soy 
Free Feed; BCSS=Battery Cage Standard Soy Feed; BCSE=Battery Cage Soy Enhanced Feed; 












Table 4.3 Amino acid composition and cholesterol content of eggs from laying hen (age 
23 and 27 weeks) fed varying amounts of soy and reared in a free-range (FR) or battery 
cage (BC) production system. 
1Nutrient reported as (w/w%) or grams/100 grams of dried sample. 
2Feed Treatment = FRSS = free-range standard soy diet; FRSE = free-range soy enhanced diet; FRSF = 
free-range soy-free diet; BCSS = battery cage standard soy diet; BCSE = battery cage soy enhanced diet; 
BCSF = battery cage soy-free diet. 






 Hen Age FRSS FRSE FRSF BCSS BCSE BCSF 
Aspartic 
Acid 
23 6.06 5.98 5.89 5.93 5.95 5.71 
27 5.75 5.72 5.67 5.62 5.95 5.81 
Threonine 
23 2.39 2.44 2.34 2.24 2.34 2.29 
27 2.34 2.34 2.31 2.18 2.29 2.35 
Glutamic 
Acid 
23 6.86 6.77 6.70 6.89 6.92 6.43 
27 6.71 6.46 6.67 6.38 6.79 6.62 
Proline 
23 2.05 2.08 2.02 2.01 2.02 1.93 
27 1.95 1.94 1.91 1.90 1.99 1.96 
Glycine 
23 1.98 1.95 1.92 1.93 1.94 1.86 
27 1.87 1.87 1.85 1.83 1.93 1.89 
Alanine 
23 3.34 3.32 3.27 3.28 3.29 3.15 
27 3.17 3.16 3.13 3.12 3.27 3.21 
Cysteine 
23 1.48 1.46 1.42 1.42 1.42 1.37 
27 1.37 1.39 1.36 1.32 1.43 1.38 
Valine 
23 4.02 3.99 3.93 3.96 3.96 3.81 
27 3.82 3.80 3.75 3.77 3.96 3.89 
Methionine 
23 2.07 2.10 2.04 2.06 2.04 1.95 
27 1.93 1.95 1.93 1.93 2.04 2.01 
Isoleucine 
23 3.18 3.17 3.13 3.10 3.14 3.03 
27 3.02 3.03 2.98 3.00 3.15 3.10 
Leucine 
23 5.05 5.04 4.96 4.94 4.98 4.82 
27 4.82 4.83 4.75 4.78 5.00 4.95 
Lysine 
23 4.33 4.29 4.25 4.18 4.21 4.15 
27 4.22 4.24 4.21 4.15 4.32 4.24 
Cholesterol 
23 1.30 1.32 1.43 1.36 1.37 1.56 
27 1.44 1.43 1.44 1.50 1.23 1.48 
84 
 
Table 4.4: Nutrient composition (crude fat and fatty acids) of eggs from free-range hens 
at 23 and 27 weeks of age fed diets with varying soy content  





 Hen Age FRSS 
 
FRSE  FRSF 
Crude Fat 
23 28.77  + 0.14 28.21  + 0.01 29.37  + 0.01 
27 32.14  + 0.80 32.93  + 0.13 32.91  + 0.51 
Myristic 
23 0.26  + 0.01
a*
 0.28  + 0.01
a
 0.36  + 0.01
b
 
27 0.35  + 0.01
a
 0.35  + 0.01
a




23 24.52  + 0.24 24.75  + 0.16 25.46  + 0.15 
27 24.60  + 0.01
b
 25.59  + 0.21
a
 25.42  + 0.17 
Palmitoleic 
23 2.98  + 0.18 3.40  + 0.20 4.37  + 0.32 
27 3.08  + 0.02
b
 4.51  + 0.08
a




23 0.25  + 0.01 0.25  + 0.01 0.22  + 0.01 
27 0.25  + 0.02 0.21  + 0.01 0.20  + 0.01 
17:1 
23 0.23  + 0.01 0.22  + 0.01 0.24  + 0.02 
27 0.21  + 0.01 0.21  + 0.01 0.21  + 0.01 
Stearic 
23 7.70  + 0.03
a
 7.54  + 0.08 7.24  + 0.06
b
 
27 7.98  + 0.04
a
 7.25  + 0.12
b




23 0.16  + 0.01 0.15  + 0.01
b
 0.19  + 0.01
a
 
27 0.17  + 0.01 0.17  + 0.01 0.18  + 0.01 
Oleic 
23 35.50  + 0.21
b
 34.99  + 0.09
b
 41.05  + 0.08
a
 
27 35.22  + 0.29
b




23 22.28  + 0.29
a
 21.98  + 0.30
a
 13.29  + 0.46
b
 
27 21.96  + 0.43
a




23 1.15  + 0.20
b
 1.36  + 0.05
b
 2.46  + 0.23
a
 
27 1.19  + 0.04 0.87  + 0.06 1.96  + 0.34 
20:n-9 
23 0.28  + 0.01
b
 0.28  + 0.01
b
 0.31  + 0.01
a
 
27 0.27  + 0.02 0.29  + 0.01 0.30  + 0.01 
Arachidonic 
23 1.96  + 0.01
a
 1.95  + 0.02
a
 1.37  + 0.08
b
 
27 1.96  + 0.03 1.89  + 0.01 1.57  + 0.12 
Docosanoic 
23 0.18  + 0.01
c
 0.22  + 0.01
a,b
 0.21  + 0.01
a,b
 
27 0.20  + 0.01 0.21  + 0.01 0.22  + 0.01 
DPA 
23 0.14  + 0.01
b
 0.18  + 0.01
b
 0.29  + 0.01
a
 
27 0.19  + 0.01 0.14  + 0.01 0.24  + 0.02 
DHA 
23 1.15  + 0.11
b
 1.26  + 0.04
b
 2.08  + 0.05
a
 
27 1.07  + 0.01 0.93  + 0.01 1.58  + 0.22 
Nervonic 
23 0.21  + 0.01
a
 0.21  + 0.02
a
 0.15  + 0.01
b
 
27 0.23 + 0.01 0.21  + 0.01 0.17  + 0.02 
a-c Means + standard error in a row without common superscripts are significantly different at P<0.05. 
1Nutrient reported on w/w% or grams of nutrient per 100 grams of dried sample. 
2Feed Treatment = FRSS = free-range standard soy diet, FRSE = free-range soy enhanced diet, FRSF = 
free-range soy-free diet. 
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Table 4.5: Nutrient composition (crude fat and fatty acids) of eggs from battery cage hens 






 Hen Age BCSS BCSE BCSF 
Crude Fat 
23 29.14 + 0.21
b
 29.41 + 0.43
 b
 32.70 + 0.77
 a
 
27 30.29 + 0.11 31.74+ 0.37 31.10 + 2.03 
Myristic 
23 0.33 + 0.01 0.41+ 0.02 0.33 + 0.00 
27 0.38 + 0.01 0.36 + 0.01 0.37 + 0.03 
Palmitic 
23 26.06 + 0.17
 a
 26.67 + 0.81
 a
 25.97 + 0.16
 b
 
27 27.10 + 0.09 24.59 + 0.09 24.31 + 0.24 
Palmitoleic 
23 4.06 + 0.03
 a
 4.54 + 0.85
 a
 3.93 + 0.11
 b
 
27 4.85 + 0.12 2.82 + 0.06 2.62 + 0.09 
17:0 
23 0.18 + 0.01
 b
 0.17 + 0.00
 b
 0.22 + 0.08
 a
 
27 0.16 + 0.01 0.33 + 0.01 0.37 + 0.03 
17:1 
23 0.17 + 0.01
 a
 0.16 + 0.01
 a
 0.12 + 0.12
 b
 
27 0.27 + 0.07 0.26 + 0.01 0.29 + 0.02 
Stearic 
23 8.10 + 0.23 8.28 + 0.20 8.25 + 0.05 
27 8.05 + 0.09 8.18 + 0.09 8.47 + 0.33 
Elaidic 
23 0.20 + 0.01
 b
 0.19 + 0.00
 b
 0.28 + 0.07
 a
 
27 0.21 + 0.01 0.37 + 0.02 0.38 + 0.07 
Oleic 
23 40.21 + 0.25 41.54 + 1.61 40.24 + 0.51 
27 41.60 + 0.26 40.47 + 0.25 37.29 + 0.27 
Linoleic 
23 15.01 + 0.12
 a
 15.11 + 0.37
 a
 12.55 + 2.38
 b
 
27 12.30 + 0.56 16.93 + 0.07 19.69 + 0.93 
Linolenic 
23 0.32 + 0.03 0.20 + 0.02 0.35 + 0.02 
27 0.25 + 0.01 0.27 + 0.02 0.43 + 0.18 
20:n-9 
23 0.30 + 0.01
a
 0.29 + 0.00
 a
 0.26 + 0.05
 b
 
27 0.31 + 0.02 0.19 + 0.01 0.19 + 0.01 
Arachidonic 
23 2.29 + 0.01 2.17 + 0.24 2.30 + 0.07 
27 2.09 + 0.08 2.40 + 0.07 2.55 + 0.16 
Docosanoic 
23 0.20 + 0.01 0.21 + 0.00 0.18 + 0.01 
27 0.22 + 0.01 0.19 + 0.01 0.23 + 0.01 
DPA 
23 ND3 ND ND 
27 ND ND 0.07 + 0.07 
DHA 
23 0.65 + 0.00
 a
 0.65 + 0.00
 a
 0.47 + 0.02
 b
 
27 0.56 + 0.02 0.56 + 0.01 0.57 + 0.13 
Nervonic 
23 0.28 + 0.01 0.26 + 0.03 0.27 + 0.02 
27 0.25 + 0.01 0.31 + 0.02 0.31 + 0.01 
a-b Means + standard error in a row without common superscripts are significantly different at P<0.05. 
1Nutrient reported as w/w% or grams of nutrient per100 grams of dried sample. 
2Feed Treatment = BCSS = battery cage standard soy diet; BCSE = battery cage soy enhanced diet; BCSF = 
battery cage soy-free diet. 
3ND = not detected. 
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Table 4.6 Nutrient composition (crude fat and fatty acids) of eggs from 20 and 23 week 
old hens from free-range (FR) or battery cage (BC) production systems 
 Hen Age 






 Production System 
FR BC FR BC 







       Myristic 0.32 + 0.01 0.33 + 0.02 0.37 + 0.01
 a












       Palmitoleic 3.72 + 0.09 3.81 + 0.28 4.01 + 0.41 3.55 +  0.26 
       17:0 0.16 + 0.03 0.23 + 0.01 0.24 + 0.04 0.24 +  0.01 
       17:1 0.14 + 0.03
 b
 0.22 + 0.01
 a
 0.21 + 0.03 0.22 +  0.00 
       Stearic 9.18 + 0.21
 a
 7.93 + 0.13
 b
 8.13 + 0.14
 a





       Elaidic 0.27 + 0.03
 a
 0.18 + 0.01
 b
 0.27 + 0.04
 a





       Oleic 41.58 + 0.28
 a
















       Linolenic 0.21 + 0.02
 b
 1.68 + 0.14
 a
 0.29 + 0.02
 b





       20:1n-9 0.27 + 0.01 0.28 + 0.01 0.25 + 0.02 0.28 +  0.01 
       Arachidonic 2.75 + 0.05
 a
 1.94 + 0.14
 b
 2.26 + 0.07
 a





       Docosanoic 0.21 + 0.01 0.20 + 0.01 0.20 + 0.01 0.21 +  0.01 
       DPA ND
2
  0.24 + 0.02
 a
 0.01 + 0.01
 b





       DHA 0.65 + 0.05
 b
 1.87 + 0.17
 a
 0.57 + 0.01
 b





       Nervonic 0.28 +  0.01
 a
 0.21 + 0.01
 b
 0.28 + 0.02
 a





a-b Means + standard error within a hen age without common superscripts are significantly different at 
P<0.05. 
1Nutrient reported as w/w% or grams of nutrient per 100 grams of dried sample. 
2ND = not detected 
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CHAPTER 5 MICROBIOLOGICAL CONTAMINATION OF SHELL EGGS 
PRODUCED IN CONVENTIONAL AND FREE-RANGE HOUSING SYSTEMS 
5.1 ABSTRACT 
Recently, U.S. consumers have placed greater value on specialty food products including 
those produced using sustainable agriculture.  In the egg industry, consumer demand has 
influenced producers to expand into alternative markets such as eggs produced in free-
range housing systems. However, few studies have focused on microbiological 
challenges associated with alternative egg production.  The present study was conducted 
to determine microbiological contamination of free-range and conventional eggs 
produced under controlled conditions.  Certified Salmonella-free Bovan Brown chicks 
were obtained at age 2 d and placed into 6 different floor pens.  At age 16 wk, pullets 
were randomly assigned to either conventional battery cages (BC) or free-range (FR) 
areas.  Eggs were collected and tested for 8 consecutive weeks beginning when hens were 
age 20 wk (n=1076). Recovery of total aerobic microorganisms and Enterobacteriaceae 
from egg shell surfaces varied widely in both BC and FR production systems. Total 
aerobic counts recovered from FR eggshells were significantly higher than counts 
recovered from BC eggshells at week 3 only (5.7 versus 5.0 log10 CFU/mL).  Mean 
counts of Enterobacteriaceae averaged approximately 1 log CFU/mL higher (90% 
greater) on FR eggshell samples than on eggshell samples from BC. Prevalence of 
Salmonella and Campylobacter recovered from crushed eggshell samples pooled with 
exterior shell rinses was 2.4% positive for Salmonella (100% FR eggs) and 33.5% 
positive for Campylobacter (78% from FR hens).  This data suggests that egg exposure to 
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the hens in a FR production system may result in greater eggshell contamination 
compared to eggs produced in battery cage systems.     
5.2 INTRODUCTION 
In recent years, United States consumers have placed greater value on specialty food 
products, specifically those that are produced in a sustainable and humane manner.  In the 
egg industry, the demand for these products has influenced many commercial egg 
producers to transition from conventional production methods to alternatives such as 
organic and free-range housing systems.  But despite the increasing popularity of these 
eggs, little is known about the microbiological challenges associated with alternative 
production in America.  The information that is available comes from studies conducted 
throughout the European Union (EU), many of which were sparked after EU issued the 
Council Directive 1999/74/EC stating that member states should not house laying hens in 
conventional battery cages after January 2012 (http://eur-lex.europa.eu/ LexUriServ/ 
LexUriServ.do?uri=OJ:L:1999:203:0053:0057:EN:PDF accessed online March 16, 
2012).  This directive was driven by concerns of animal welfare and forced the European 
Egg Industry to investigate alternative options for laying hen housing like furnished cages 
and non-caged aviary and barn-floor systems.  While these studies can provide valuable 
preliminary information about the potential for egg microbiological contamination in 
alternative housing, the differences in egg production practices between Europe and 
North America make comparison of findings to the United States suspect.  Therefore, the 
objective of the current study was to determine if differences exist is microbiological 
contamination (total aerobes, Enterobacteriaceae spp., Salmonella spp. and 
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Campylobacter spp.) of eggs produced in conventional and free-range housing systems in 
the United States. 
Two experiments investigating microbiological contamination levels of eggs produced in 
free-range housing compared to conventional housing were conducted under controlled 
conditions using a randomized design (De Rue et al., 2005b; Jones et al., 2011).  In the 
EU, De Rue et al. (2005b) compared the level of bacterial contamination on eggshells 
from hens living in one of three housing systems in Belgium (cage-free aviary, 
conventional battery cages, or furnished cages) and Jones et al. (2011) investigated the 
contamination levels of environment and eggs produced in caged and free-range systems 
in the United States.  De Rue et al. (2005b) reported no significant difference between 
total aerobic bacteria or Gram-negative flora on eggs between caged housing systems 
(conventional compared to furnished).  However, on average, total aerobe levels on 
eggshells from the aviary housing system (range of approximately 5.5 to 6.0 log 
CFU/mL) were 1 log higher than those from conventional or furnished cage systems 
(range of 3.8 to 4.6) throughout the entire sampling period.  No statistically significant 
differences were detected in Gram-negative flora between any of the three housing 
systems.   
In a second controlled study, Jones et al. (2011) found seasonal differences in 
contamination levels on eggs from free-range nest boxes compared to eggs from cages.  
Total aerobic microorganisms on eggs from free-range nest boxes were significantly 
lower than on eggs from conventional cages in winter and spring (about 2.25 log 
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CFU/mL in free range eggs and 3.25 log CFU/mL in cage eggs in winter and 2.75 log 
CFU/mL in free-range eggs and 3.75 log CFU/mL in cage eggs in spring). On the other 
hand, eggs from nest boxes had significantly higher levels of coliforms in fall, spring and 
summer (2.0 to 2.61 log CFU/mL) compared to eggs from battery cages (0.02 to 0.42 
CFU/mL). 
Three additional studies evaluated the differences in microorganism levels on eggs from 
existing free-range systems compared to operating caged systems.  De Rue et al. (2009) 
found the number of aerobic microorganisms on surfaces of eggshells from non-caged 
systems were significantly higher than the number on surfaces of eggshells from 
furnished cage systems (mean=4.98 log10 CFU/eggshell and 4.75 log10 CFU/eggshell 
respectively; p=0.001) but found no significant differences for levels of 
Enterobacteriaceae spp. on eggs from the caged systems compared to eggs produced in 
non-caged systems (mean of 1.51 + 0.63 log10 CFU/eggshell and 1.54 + 0.76 log10 
CFU/eggshell respectively).  Huneau-Salaun et al. (2010) found a difference between 
eggshell contamination in ‘on-floor’ housing systems compared to eggshell 
contamination in conventional cage systems (mean=4.82 log10 CFU/eggshell and 
mean=4.40 log10 CFU/eggshell respectively; p=0.03).  In this study mean eggshell 
bacterial loads averaged 0.41 log10 CFU higher when recovered from ‘on-floor’ eggs than 
on eggs from conventional cages.  In a related study, De Rue et al. (2005a) identified 
critical points of contamination in the production chains of a conventional caged 
production system compared to an organic, free-range production system.  Total aerobic 
bacteria contamination levels from eggs at the initial point in the production chain (the 
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conveyor belt) were 1 log higher in the organic, free-range production system compared 
to those in the caged system (5.8 log10 CFU/eggshell and 4.7 log10 CFU/eggshell 
respectively).  Gram-negative bacteria were 1.0 - 1.4 log10 CFU/eggshell lower 
throughout the entire organic production system compared to the caged system.  
However, De Rue and colleagues observed that levels of aerobic bacteria on eggs from 
both production systems steadily decreased during processing and achieved comparable 
numbers by the point of packaging.   
Messelhausser et al. (2011) tested a total of 2,710 eggs from retail stores in Germany for 
prevalence of Campylobacter spp. and Salmonella spp.  Researchers detected 
Campylobacter isolates in 11 (4.1%) of the pooled eggshell samples – 4 from eggs sold 
as free-range and 7 from eggs sold as barn eggs while Samonella Enteriditis (SE) was 
detected on 3 (1.1%) of the pooled eggshell samples.  Two of the SE-positive eggs came 
from battery cage housed hens and 1 SE-positive egg came from hens housed in deep 
litter.  Jones et al. (in press) also examined prevalence of coliform, Salmonella and 
Campylobacter pathogens on eggs produced in conventional cages and free-range 
housing.  These researchers found that coliform contamination level of eggshells was 
always significantly higher in free-range eggs than in conventional eggs.  Authors also 
found significantly higher prevalence of Campylobacter (P<0.0001) on nest boxes in the 
free-range environment while there were no significant differences in Salmonella and 
Listeria on eggs in free-range and conventional cage environments.  
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While results of these studies provide insight into the microbiological risks associated 
with non-caged housing systems, most of these projects were conducted outside of the 
U.S.  There are significant differences in egg production and processing practices among 
European and North American countries including the use of furnished cages in Europe, 
differences in laying hen breeds, environmental climate and humidity differences across 
continents, and differences in egg washing and refrigeration practices.  To encourage 
transition by farmers in the U.S. to more sustainable, humane egg production practices, 
microbiological challenges must be identified and minimized or eliminated to reduce 
farmer risk and ensure the introduction of safe food products into the U.S. food supply.  
The objective of the study was to characterize and compare the microbiological status of 
eggshell surfaces on eggs produced in Free-range and Battery Cage housing systems by 
determining the levels and prevalence of total Aerobes, Enterobacteriaceae spp., 
Salmonella spp., and Campylobacter spp. respectively. 
5.3 MATERIALS AND METHODS 
5.3.1 Housing 
Approval for the use of animals was obtained through the Clemson University Animal 
Care and Use Committee March 1, 2011 (Approval Number UAP2011-008).  This study 
was conducted concurrently with an 8 week study evaluating the effects of an isoflavone 
enriched layer-feed diet on egg indicators.  Eighty-four, 2 day old, certified Salmonella-
free Bovan Brown chicks were purchased from a commercial hatchery and transferred to 
the Clemson University Morgan Poultry Center in Clemson, South Carolina.  Chicks 
were housed under brooders in 6 indoor floor pens on pine shavings in groups of 14 
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chickens per pen and given ad libitum access to feed and water.  At 16 weeks of age, 
pullets from three of the pens were moved to a free-range housing system (FR) and 
pullets in the remaining three pens were moved into battery cages (BC).   
The free-range house was partitioned into three 4 x 8 feet (1.22 x 2.43 meters) areas, each 
with access to a separate 30 x 35 feet (9.14 x 10.67 meters) outdoor range.  The range 
areas were surrounded by chain link fencing with outside electric wiring and nylon 
netting was stretched across the top of the fencing to prevent entrance by predators.  To 
create similar environments for each range, light-weight shading tarps were spread over 
1/3 of the netting to supply equal amounts of shade and grass was mowed short prior to 
pullet introduction into the range.  Each indoor section of the range house was equipped 
with 9 nest boxes containing pine shaving with accompanying perches, waterers, feeders, 
and pine shavings on the floor.  Bedding was changed weekly by regular farm staff. 
For cage layers, two banks of battery cages were maintained in an indoor poultry house.  





) of space.  Pullets from one floor pen were divided into sets of 3 or 4 pullets 
per set and one set was placed into an individual battery cage along a single row.  A total 
of three rows staggered among the 2 banks were used throughout the study and care was 
taken to avoid cross-over of feed or feces from one group to another during the study.  
Cages consisted of wire mesh flooring and were equipped with feed troughs and nipple 
drinkers.  Egg collection troughs were attached to the front of the cages, with wiring 
dividers to preclude eggs from one cage mixing with eggs from another cage. Paper 
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lining was spread under each row of hens for collection of excreta.  Paper liners were 
changed twice per week. 
Two weeks after transferring pullets to perspective housing systems, feces from birds 
were tested for Salmonella contamination.  Fecal samples were collected from each pen 
and placed into sterile plastic bags using sterile latex gloves.  Six individual fecal 
droppings were pooled into 1 bag and 3 bags were collected from each pen or battery 
cage.  Samples were obtained using a new latex glove changed between each pen and 
cage.  Bags containing feces were secured in a clean Ziploc bag and refrigerated 
overnight before being transported to the USDA Agricultural Research Service, Russell 
Research Center in Athens, Georgia in a Styrofoam cooler within 24 hours for analysis.  
5.3.2 Diets 
During the grow-out period (2 days old to 16 weeks of age), parallel diets for free-range 
(FR) and battery cage (BC) hens of standard soy (SS), soy-enhanced (SE), and soy free 
(SF) formulations were used (Table 5.1).  FR diets were plant-based while the BC diets 
included animal sources of fat and protein.  Birds received starter feed crumbles 
consistent with their pen’s diet assignments until 16 weeks of age when pullets were 
moved into their assigned perspective housing systems and layer feeds initiated (FR = 
18% protein with 1,250 ME/lb in standard soy feed; 19% protein with 1,220 ME/lb soy-
free feed: BC = 19% protein with 1,250 ME/lb standard feed; 18% protein with 1,300 
ME/lb soy-free feed).   Feeds were procured in the total amount needed for the 8 week 
egg collection period.  Before beginning layer feed, the feed samples were tested for 
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proximate composition.  Feed samples were collected into clean Whirl-Pak bags and 
delivered to the Clemson University Agriculture Service Laboratory for proximate 
composition analysis (Table 5.2).  Samples were analyzed for mineral content, crude 
protein and total fat and feed composition was adjusted as needed with limestone to 
ensure comparable calcium-phosphorus ratios.   Standard mineral profile (phosphorus, 
potassium, calcium, magnesium, sulfur, zinc, copper, manganese, and iron) was 
performed using the inductive coupled plasma-mass spectrometry method.  Crude protein 
was determined as percent nitrogen of dry weight using the Dumas Combustion method 
(AOAC Official Method 990.03).     
5.3.3 Egg collection and storage 
Eggs were collected every morning between 9:00 and 10:00 am for 8 consecutive weeks.  
Collections were performed using a clean latex glove for each pen and eggs were placed 
into a new, clean, cardboard egg carton which was sealed before transportation to the lab.  
Eggs were held in cartons at room temperature for 24 hours before shell surface 
microbiological analyses were performed and inner egg contents were collected. 
5.3.4 Eggshell microbiological determination 
Microbiological testing was performed on eggs laid during hen age weeks of 20, 22, 23, 
24, 26, and 27.  During the first four weeks of collection, eggs from Saturday through 
Wednesday were analyzed.  Results from the first week of egg collection showed no 
differences in numbers of bacteria recovered between eggs collected Saturday compared 
to bacteria numbers on eggs collected Sunday, Monday, Tuesday, or Wednesday.  Thus 
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subsequent weeks involved analyses of eggs collected from Sunday through Wednesday 
only.  At collection, eggs were inspected for obvious defects and those with cracks were 
discarded.  Eight eggs were randomly selected from the carton each day for 
microbiological analysis.  Eggs were individually placed into a sterile plastic bag with 
wire closure using a clean latex glove.  Twenty mL of 0.1% room temperature peptone 
(23°C) was added to each bag and the egg was shaken vigorously for 1 minute for 
microbiological recovery.  Shell rinsate was drained into sterile sample containers and 
serially diluted into 0.1% buffered peptone dilution tubes.  Aliquots of 0.1 mL of the 
serial dilutions of rinsate were plated onto Aerobic Plate Count (APC) agar in duplicate 
for analysis of total aerobic microorganisms.  An additional 1 ml aliquot of each serial 
dilution of rinsate was dispensed into sterile petri dishes in duplicate, filled with molten 
Violet Red Bile Glucose (VRBG) agar and swirled to mix.  Once the VRBG had 
solidified, approximately 5 mL of VRBG overlay was added to create a low oxygen 
environment for enumeration of Enterobacteriaceae spp.  VRBG and APC plates were 
inverted and incubated at 37°C for 48 hours before counting and recording total Colony 
Forming Units (CFU). 
5.3.5 Determination of Salmonella spp. and Campylobacter spp. 
After exterior shells had been rinsed, eggs were cracked aseptically by gently tapping the 
shell on the side of an autoclaved beaker.  Eggs were analyzed for Salmonella spp. and 
Campylobacter spp. at hen ages 20, 23, 24, and 27 weeks.  Shell contents were emptied 
and the interior membrane was rinsed with warm 0.1% sterile peptone solution to remove 
any remaining albumin.  These shells were added back to the exterior peptone rinses 
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(18.8 mL peptone volume remained after previous rinsate plating) and macerated for 1 
minute using a sterile glass rod.  Crushed shells with exterior rinses (shell emulsions) 
were pooled into groups of 4 eggs per sample in sterile sample cups.  Sample cup lids 
were secured and covered with parafilm and samples were stored in a 4°C refrigerator for 
up to 36 hours prior to shipping to North Carolina State University (NCSU) for pathogen 
analysis. Final sample sizes were n=31 hen age 20 weeks, n= 36 at 23 and 24 weeks, and 
n=37 at 27 weeks of hen age.       
Fecal samples were collected from each of the 6 pens and placed into sterile plastic bags 
using clean latex gloves that were changed between each pen.  Six individual fecal 
droppings were combined into 1 bag and 3 bags were collected from each pen.  Bags 
containing feces were secured in a clean Ziploc bag and refrigerated for up to 24 hours 
before being shipped for analysis.   
Finally, at week 27, feed samples were collected for analysis.  Egg samples, fecal 
samples, and feed samples were placed in Styrofoam coolers and prepared with freezer 
packs for overnight shipping to North Carolina State University where presence of 
Salmonella spp. and Campylobacter spp. testing was completed. 
Salmonella was enumerated by the FDA BAM method (Andrews and Hammack, 2011 
Revision).  Feed samples and fecal samples were enriched by mixing a 25 g of feed with 
225 mL of sterile lactose broth and 50 g of feces with 450 mL of sterile peptone for 2 
minutes.  After mixing, the slurries were transferred to sterile 500 mL containers and the 
pH levels adjusted to 7.0 using 15-min of steam treated Tergitol Anionic 7.  The 
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container was capped and allowed to stand at room temperature for 1 h before mixing by 
shaking.  Samples (30 mL of feed or fecal slurry in duplicate) were enriched by 
incubating for 24 h at 37°C.  Egg emulsions were enriched directly by incubating at 37°C 
for 24 hours.  After incubation, 0.1 mL of the slurry was transferred to 10 mL of 
Rappaport-Vassiliadis broth (Difco; Becton, Dickinson and Co. Heidelberg, Germany) 
and 0.5 mL of the egg emulsion liquid was transferred to 10 mL of tetrathionate 
(HAJNA; Becton, Dickinson and Co. Heidelberg, Germany) broth before being incubated 
again for 24 h at 42°C.  Each broth was streaked onto Xylose Lysine Desoxycholate 
(XLD; Becton,Dickinson and Co. Heidelberg, Germany) agar plates and modified lysine 
iron agar (Oxoid; Basingstoke. Hampshire, UK) and incubated for 24 h at 35°C.  Suspect 
colonies were inoculated into triple sugar iron (TSI) and lysine iron agar (LIA) slants by 
stabbing. Slants were incubated for 24 h at 35°C.  TSI slants were confirmed positive for 
Salmonella by visual inspection of a red or yellow color change in the base of the test 
tube and LIA were confirmed positive for Salmonella with a purple color change in the 
base of the tube.  Loopfuls of culture from the TSI slants were tested using biochemical 
confirmation of Salmonella using polyvalent somatic (O) test or PolyO (Becton, 
Dickinson and Co. Heidelberg, Germany) and seriological flagellar (H) test or PolyH 
(Microgen; Camberly. Surrey, UK) agglutination. 
Campylobacter was enumerated by plating 0.1 mL from the serial dilutions onto Campy 
Blood Agar (with Antimicrobic Supplement, Blaser) and incubating the plates at 42°C for 
36 h in a microaerophilic environment (5% O2, 10% CO2 and balance N2).  Colony 
forming units characteristic of Campylobacter were identified for genus by examination 
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of cellular morphology and motility on a wet mount under phase contrast microscopy.  
Each colony type was further confirmed as Campylobacter spp. using INDX(r)-Campy 
(jcl) culture confirmation test (1 Integrated Diagnostics, Baltimore, MD 21227). 
5.3.6 Statistics  
Means, standard error and ranges were calculated.  For total aerobic bacteria and 
Enterobacteriaceae analysis, general linear model was performed on 1076 eggs using the 
SAS statistical analysis program version 8.2 (SAS Institute, 2000) to determine 
differences in CFU of total aerobic microorganisms and Enterobacteriaceae spp.  Main 
effects were weeks hen age (20, 22, 23, 24, 26, and 27 weeks), feeds (SF, SS, and SE), 
and housing system (BC or FR).  Tukey-Kramer statistic adjusted for multiple 
comparisons.  Salmonella and Campylobacter frequency and prevalence was determined 
using a chi-square analysis with Fisher’s Exact Test to determine differences in number 
of positive samples and level of significance between housing systems.  
5.4 RESULTS 
5.4.1 Total Aerobes and Enterbacteriaceae 
No effect related to feed type or pen site within each housing system was detected for 
numbers of total aerobic microorganism CFU or Enterobacteriaceae spp., therefore data 
from all feed types and all pens within each housing system were pooled for further 
analysis.   
Variability was found in both aerobic and Enterobacteriaceae spp. total CFU within each 
housing system.  Numbers of total aerobic CFU were not statistically different in 5 out of 
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the 6 weeks studied (Table 5.3).  Total aerobic counts recovered from FR eggshells were 
significantly higher than counts recovered from BC eggshells at week 3 only (5.7+1.3 
log10 CFU/mL compared to 5.0+1.0 log10 CFU/mL respectively) (P=0.03).  
Enterobacteriaceae spp. counts were significantly higher on eggshells from range hens 
versus those from caged hens in 5 out of 6 weeks sampled (5.4).  Mean counts of 
Enterobacteriaceae spp. averaged approximately 1 log CFU/mL higher (90% greater) on 
free-range eggshell samples than on eggshell samples from caged hens.     
Within the free-range system, the numbers of Enterobacteriaceae spp. recovered from 
egg surfaces were significantly higher at week 1 than at any other time period during the 
present study (P<0.001).  This may be related to the acclamation period for birds 
transferred from indoor pens to free-range housing.  The first week after transfer, hens 
spent most of their time inside the range house and fecal droppings were more prevalent 
in nest boxes during that first week than other times, thereby increasing the exposure of 
the first-week eggs to feces.  After the first week in the free-range house, the authors of 
the present study observed that the hens were less likely to defecate in the range house 
and droppings were more prevalent in the outdoor area.  This acclimation period explains 
the higher counts of Enterobacteriaceae spp. on free-range eggs at week 1 of the feeding 
study.   
Within the battery cage system only, total aerobe and Enterobacteriaceae spp. counts 
were significantly higher on eggs collected on day 7 than counts from eggs collected on 
any other days of the week (P<0.05).  This difference is likely related to the cleaning 
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schedule at the farm.  The paper that was spread under the battery cages for collection of 
excreta were changed on day 1 (Monday).  Sunday was considered day 7 of the week and 
because this was the last day of the week before fecal droppings were removed from 
under the cages, it seems likely that eggs collected on day 7 would have higher 
microbiological contamination than other days of the week. 
5.4.2 Prevalence of Salmonella and Campylobacter spp. 
Eggs, feces and feed were analyzed for presence or absence of Salmonella and 
Campylobacter spp.  Samples were collected and analyzed at hen ages 20, 23, 24, and 27 
weeks old.  A total of 212 pooled eggshell samples (1 sample = 4 shells pooled) were 
tested representing 79% of the total egg samples in the study (n=1076).  Five out of the 
212 egg samples (2.36%) tested positive for Salmonella spp. (Table 5.5).  All 5 
Salmonella-positives were recovered from eggs produced in the free-range housing 
system and this represented a significant difference (P=0.028) in Salmonella prevalence 
between free-range and battery cage systems.   
Fecal samples testing positive for Salmonella were determined from a total of 36 samples 
collected at weeks 20, 23, 24, and 27 of the egg collection period.  Salmonella was 
detected from 11 of the fecal samples for a prevalence of 30.6%.  Of the 11 fecal samples 
testing positive for Salmonella, 4 of them were from BC with 7 of the positive samples 
from FR.  These differences were not statistically significant (P=0.2777).   
Numbers of Campylobacter-positive eggs were determined from a sample of 176 pooled 
samples.  There were 59 eggshells that tested positive for Campylobacter (33.53%).  Of 
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those testing positive, 46 (78%) were collected from FR which was significantly higher 
(P<0.0001) than the number of eggshells testing positive for Campylobacter in BC 
(13/59).   
Fecal samples were also analyzed for Campylobacter spp.  Campylobacter was detected 
in 14 out of 30 fecal samples.  Percent positive samples were significantly higher from 
FR hens than from BC hen samples (FR = 12/14 positives (86%) and BC = 2/14 positives 
(14%) respectively; P=0.0003).   
5.5 DISCUSSION 
Total aerobic microorganisms at week 3 and Enterobacteriaceae levels in 5 out of the 6 
weeks sampled were higher on egg surfaces collected from the FR as compared to egg 
surfaces collected from the BC (P<0.05).  However, the numbers recovered were highly 
variable within the individual housing systems.  De Rue et al. (2009) reported high 
variability in total aerobic bacteria recovery when studying eggs from free-range and 
caged housing systems in the EU.  These researchers suggested that the high variability 
was likely due to differences in farm management and sanitation practices and resulted in 
insignificant differences in egg contamination levels.  In the current study, hens were 
housed on a University poultry farm where students make up the majority of laborers.  
Occasionally, holidays and academic priorities resulted in a lower number of students 
who were available to work.  From personal conversation with the farm managers this 
sometimes resulted in longer than usual periods of time between feces removal from the 
caged system (typically twice per week) or bedding changes in the free-range house 
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(usually weekly).  Additionally, new students began working at the farm in the middle of 
the collection period and inexperience may have resulted in inconsistent sanitation 
procedures during training.  Also, three different individuals were responsible for egg 
collection and transport to the laboratory each day.  While great care was taken to use the 
same method for collection, there could be variation in collection or transportation 
techniques between researchers.  However, these variations reflect similar challenges 
found in environmental operations. 
While previous studies have found either no differences or lower numbers of Salmonella-
positive egg samples from free-range housing systems (Jones, 2011; Messelhauser et al., 
2011), the results of the current study describe a higher prevalence of both Salmonella 
and Campylobacter in free-range housing.  It is logical to assume that the higher rate of 
Salmonella contamination on the eggs of hens in free-range housing is because hens have 
greater physical access to eggs in a free-range system than in a battery cage system.  This 
is highlighted by the findings of Salmonella presence in the feces of both battery cage 
and free-range hens but only free-range eggs tested positive for Salmonella.  The lack of 
Salmonella on eggs from hens in the battery cages demonstrates the protective effect of 
removing the egg from the physical proximity of the hen, thereby minimizing potential 
for Salmonella transfer from the hen to the egg.      
A reason for the higher incidence of Salmonella contamination on eggs produced in free-
range housing in the current study compared to previous studies may be related to 
environmental factors of the free-range housing system prior to experimentation.  At the 
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CU Morgan Poultry Center, hens and roosters had previously inhabited the free-range 
house and outdoor range area before the start of the current study.  In contrast, battery 
cages had been vacant for many years in the indoor poultry house.  Van Hoorebeke et al. 
(2010) found that a history of Salmonella infection in flocks living in any housing system 
is a strong indicator of Salmonella infection in subsequent flocks.  The pullets that were 
placed in the free-range environment for the current study were tested for Salmonella in 
their feces prior to the start of the study, suggesting the later contamination in the feces 
and on the eggs was due to environmental exposure.  While the flock that had previously 
inhabited the free-range environment had never been tested for Salmonella infection, 
hens from the previous flock were much older and it is possible there was Salmonella 
contamination in the free-range environment before the current study began.   
The higher prevalence of Campylobacter in feces from free-range housing corresponds to 
the higher numbers of eggs testing positive for Campylobacter in this study.  Transfer of 
Campylobacter spp. from flock to environment and from environment to flock was well 
characterized in a study of Campylobacter transfer in broilers.  Berrang et al. (2003) 
placed a broiler flock testing negative for Campylobacter into a holding pen that had 
previously been occupied by a Campylobacter-positive flock.  Researchers found that the 
previously negative flock tested positive for Campylobacter within 2 hours of exposure to 
the contaminated feces of the Campylobacter-positive flock (Berrang et al., 1999).  In the 
current study, the previous free-range flock may have transferred Campylobacter to the 
free-range environment, exposing the study flock and their eggs to Campylobacter 
contamination.  Again, neither the flock nor the environment had been tested for 
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Campylobacter prior to the start of the study, so it is difficult to determine the source of 
the contamination with the available information. 
Higher Campylobacter prevalence in free-range housing systems has been demonstrated 
consistently in literature related to microorganisms in alternative laying hen housing 
systems.  It is well-established from past research initiative that Campylobacter is highly 
subject to environmental (climate and humidity) fluctuation.  Jones et al. (2011) 
confirmed this when they reported a higher prevalence of Campylobacter in 
environmental and egg samples from free-range housing systems than caged housing 
systems with the highest numbers of Campylobacter positive samples recovered in the 
summer season.  The 2, 4 week trials of the current study corresponded to summer 
months of July and August thus increasing the potential for Campylobacter 
contamination.  Because Campylobacter is influenced to a great extent by climate and 
humidity conditions, studies examining the transfer of Campylobacter in alternative 
housing environments as it relates to the season are needed. 
5.6 CONCLUSION 
Findings from this study show a higher prevalence of total microorganism and pathogen 
contamination on the surface of eggshells produced in a free-range housing system 
compared to a traditional battery cage system.  Factors that may have contributed to these 
findings include contamination from infected previous inhabitants of the free-range 
environment, increased physical access to eggs by hens, and seasonal conditions that 
support microorganism growth.  Suggested next steps include: 1) optimum time delay 
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between flock removal and new flock transfer into free-range systems should be 
determined to minimize risk of environmental pathogen exposure by subsequent flocks, 
2) nest boxes that empty onto mechanical collection devices should be further developed 
and tested to determine effects of egg removal on contamination levels, and 3) 
organically approved washes should be developed and tested for use on eggs produced in 
a free-range housing system to minimize the risk involved when transferring to this more 




Table 5.1 Experimental design showing laying hen feeding treatments
1
 for trials 1 and 2 
and the associated hen age during each trial 
Housing and  
Diet Group 












BCSF Diet BCSS Diet BCSF Diet BCSE Diet 
BC Group-2 BCSF Diet BCSE Diet BCSF Diet BCSS Diet 




FRSF Diet FRSS Diet FRSF Diet FRSE Diet 
FR Group-2 FRSF Diet FRSE Diet FRSF Diet FRSS Diet 
FR Group-3 FRSF Diet FRSF Diet FRSF Diet FRSF Diet 
1BCSF Diet = battery caged soy free layer feed; BCSS Diet = battery caged standard soy feed; BCSE Diet 
= battery caged soy enhanced feed; FRSF Diet = free-range soy free feed;  












Composition FRSS FRSE FRSF BCSS BCSE BCSF 
Crude Protein (%) 18.6 19.0 18.1 18.8 19.7 18.4 
Fat (%) 3.3 3.2 3.0 2.5 2.0 7.7 
Moisture (%) 10.3 9.70 11.2 10.7 10.2 10.1 
Dry matter (%) 89.7 90.3 88.8 89.3 89.8 89.9 
P (%) 0.79 0.83 1.09 0.72 0.77 1.49 
Ca (%) 4.25 3.33 4.90 3.30 3.20 6.44 
Ca/P 5.37 4.01 4.48 4.61 4.16 4.32 
Mg (%) 0.35 0.34 0.24 0.19 0.20 0.22 
K (%) 1.14 1.13 0.71 0.90 0.90 0.54 
 S (%) 0.28 0.27 0.26 0.24 0.23 0.33 
Zn (ppm) 172 134 194 180 138 136 
Cu (ppm) 20 14 12 19 22 16 
Mn (ppm) 161 152 140 110 124 135 
Fe (ppm) 174 159 615 271 267 162 
1Standard mineral analyses includes: phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur 
(S), zinc (Zn), copper (Cu), manganese (Mn) and iron (Fe). 
2 FRSS=Free-Range Standard Soy Feed; FRSE=Free-Range Soy Enhanced Feed; FRSF=Free-Range Soy 
Free Feed; BCSS=Battery Cage Standard Soy Feed; BCSE=Battery Cage Soy Enhanced Feed; 




Table 5.3 Total aerobic microorganisms
1
 recovered from eggshells collected from hens in 
free-range (FR) and battery cage (BC) production systems at 6 different hen ages 
 Hen Age (Weeks)
2
 









5.4 + 1.7 
(2.4-6.9) 
5.4 + 1.1 
(3.5-6.8) 
5.3 + 1.1 
(3.0-6.7) 











5.4 + 1.2 
(3.2-6.6) 
5.5 + 1.5 
(2.9-7.0) 
5.4 + 1.5 
(3.3-6.9) 
5.0 + 1.2 
(3.3-5.9) 
a-b Means + the standard error with different superscripts within a column are significantly different at 
P<0.05. Numbers reported after means are the range in counts of aerobic microorganism. 
1Total aerobic microorganisms reported as log10 CFU/mL of rinse. 




Table 5.4 Enterobactericeae spp.
1
 recovered from eggshells collected from hens in free-
range (FR) and battery cage (BC) production systems at 6 different hen ages 
 Hen Age (Weeks)
2
 















































a-b Means + the standard error with different superscripts within a column are significantly different at 
P<0.05. Numbers reported after means are the range in counts of Enterobacteriaceae. 
1Enterobacteriaceae spp. reported as log10 CFU/mL of rinse. 






Figure 5.1 Mean total aerobic microorganisms reported in log10 cfu/mL of rinse 
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Figure 5.2: Mean levels of Enterobacteriaceae spp. reported in log10 cfu/mL of rinse 


















Table 5.5 Prevalence of Salmonella and Campylobacter (percentage of number of 
samples testing positive) in eggs or feces collected from hens in battery cage and free-


























P-value P=0.028 P=0.277 P<0.0001 P=0.0003 




CHAPTER 6 CONCLUSIONS 
Between 2006 and 2008, the specialty food market grew by 19.4% compared to overall 
food sales growth of 8.4% (NAST, 2012).  This market continues to grow with specialty 
foods representing more than 13% of the retail food market in 2010 (NAST, 2012).  In 
the egg industry, the specialty market has grown by 30% with specialty eggs now making 
up about 5% of retail eggs (NAST, 2012).  The reason for the growth of the specialty egg 
market is multifactorial and is driven by consumer’s demands for healthy and humanely-
produced foods (Anderson, 2009).  This market is further supported by farmers who 
profit from the premium pricing that specialty eggs bring at retail (Anderson, 2009).  The 
dual benefits for both consumers and farmers support the development of new specialty 
eggs such as equol-enriched eggs that are produced in a free-range system because these 
eggs appeal to both nutrition and animal-welfare conscious consumers.  However, before 
these eggs can be produced, factors related to the successful marketing of a specialty egg 
must be investigated to ensure that equol-enriched eggs meet consumer standards for 
nutritional adequacy, microbiological safety, and animal welfare conditions.  The current 
study investigated the equol content, amino acid profile, fatty acid profile, cholesterol 
content, and microbiological characteristics of equol-enriched eggs produced in a 
conventional and free-range production system.   
Findings from the current study support previous reports by Saitoh et al. (2001, 2004) and 
Galdos (2009) who found that the isoflavone concentration of eggs can be increased by 
manipulating the isoflavone content of the laying hen’s diet.  In the current study, the 
isoflavone content of the diet fed to laying hens was enhanced with soy-germ, resulting in 
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an increased equol concentration in their eggs.  However, there were unexpected amounts 
of equol in the eggs of hens fed the soy-free diet which suggests that non-soy sources of 
isoflavones were present in the soy-free feeds.  Some possible non-soy sources of 
isoflavones include animal byproducts and DDGS in the battery cage system or pasture 
vegetation in the free-range system and these feed ingredients need to be further 
evaluated to determine the combined isoflavone content for future laying hen diet 
formulations.     
While some statistically significant differences were identified in the fatty acid 
composition of equol-enriched eggs produced in a free-range and conventional system, 
no differences were determined in the amino acid or cholesterol content of equol-
enriched eggs compared to eggs from other diet treatments or when compared to eggs 
from different production systems.  The differences however were small and likely would 
not result in any significant biological effects.  These findings support conclusions 
reported by Anderson (2011) and Matt et al. (2009) and it can be concluded that eggs can 
be enriched in equol and produced in a free-range system without compromising the 
inherent nutritional value of the eggs. 
Finally, the biggest challenge identified in the production of an equol-enriched, free-
range egg is related to the microbiological differences identified in eggs from the free-
range system as compared to eggs from the conventional system.  Equol-enriched eggs as 
well as eggs from hens fed a standard soy and soy free diet that were produced in a free-
range housing system had higher levels of Enterobacteriaceae, Salmonella, and 
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Campylobacter than eggs produced in a conventional system.  It can be concluded that 
organically approved sanitizers need to be developed for reducing the prevalence of 
pathogens on free-range for the safe production of equol-enriched eggs in a free-range 
system.   
In conclusion, equol-enriched eggs produced in a free-range system are a viable option 
for a newly developed specialty egg however these eggs should be washed prior to sale to 
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